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ACID-PROOFING WORK 

Process tanks — by special construction methods for 
most industries Bulk storage of acids, acid-proof 
flooring (several types), chimney linings, acid-proof 
cement and concrete (world patents), acid rubber 
linings 

CEMENT PRODOR 

The world’s best acid-proof cement, which is self 
setting and water resisting Withstands acids, 
corrosive waters, fumes, etc Has been used on all 
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the world 

PRODORITE SYSTEMS OF ACID-PROOF FLOORS 
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A scientific process . for the protection and 
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Acid and alkali resistant cement 
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The College was opened in 1938 and replaces the former 
Leyton and Walthamstow Technical Colleges. 
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Full particulars and Prospectus of classes may he obtained 
on application to the Principal. 


IV 




MOULDING MATERIALS . 
LAMINATED SHEET, ROD AND TUBE 
, SILENT GEAR MATERIAL 
RESINS FOR PAINT MANUFACTURE 
RESINS FOR IMPREGNATING WOOD 

ADHESIVES FOR PLYWOOD AND 

WOOD FABRICATION 

RESINS FOR INSULATING VARNISHES 
* CEMENTS AND LIQUID RESINS 

SEALING SOLUTIONS FOR 

POROUS CASTINGS 

LAMP CAPPING CEMENTS 
RESINS FOR LACQUERS 


Rigid testing procedures are applied at every 
stage in the manufacture of Bakelite Plastics. 
Particulars of these tests and of the chemical 
and physical properties of Bakelite products are 
obtainable from Bakelite Limited, 18 Grosvenor 
Gardens, London, S.W.l.Telephone: Sloane 991 1. 


BAKELITE d) PLASTICS 

REQD. TRADE MARKS 

Essential Materials for Essential Work 


t8i 


V 



THE 
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OF GREAT BRITAIN AND IRELAND 

The Institute of Chemistry was established in 1877 to provide 
the Government and the public with the means of recognis- 
ing those who have been properly trained and proved to be 
competent to practise chemistry as a profession. In 1885 the 
Institute was granted a Royal Charter with authority to grant 
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same, by compelling the observance of strict rules of 
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and practical efficiency. 

Particulars of the Regulations and Examinations of the 
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THE REGISTRAR 

THE ROYAL INSTITUTE OF CHEMISTRY 

30 RUSSELL SQUARE, W.C.l 
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19 BENTiNCK STREET 
LONDON, W.l 



vi 











THE SEAL OF SATISFACTION 


REFRACTORIES 


for 

RESISTANCE 

CONDUCTANCE 

CONSERVATION 

of 

HEAT 


SILICA 
SILICEOUS 
SILLIMANITE 
“DOME" INSULATION 


D.S.F. REFRACTORY MATERIALS ARE IN 
DEMAND FOR MANY INSTALLATIONS 
COVERING A WIDE RANGE OF 
INDUSTRIES 


CHEMICAL 

FURNACES 

CARBONISING 

PLANTS 

STEEL 

FURNACES * 


GLASS 

FURNACES 


CERAMIC 

KILNS 


POWER 

GENERATION 


ELECTRIC 

FURNACES 

CEMENT 

KILNS 


THE DERBYSHIRE SILICA FIREBRICK 


Ttitgrams : 

SILICA, FRIDEN, HARTIMGTON. 


CO. LTD. 


TeJephone : 
HARTINGTON 230, 


FRIDEN ; HARTINGTON : BUXTON 


vii 






UNIVERSITY OF ST. ANDREWS (SCOTLAND) 

Chancellor: The Right Hon. The EARL BALDWIN OF BEWDLEY. 

Rector: SIR GEORGE ( IJNNINGHAM. 

Vice-Chancellor and Principal : SIR JAMES COLQUHOUN IRVINE. 

Dean of the Faculty of Science : Professor ROBERT TAMES DOUGLAS GRAHAM. 
Secretary of the University : DAVID JOSEPH BURTON RITCHIE. 

The University confers the following Degrees, all open to men or women : 
B.Sc. (Ord. and Hons.)* Ph.D., D.Sc. 

SESSION 1947-48 opens 7th October, 1947. The curriculum for Pure Science 
may be taken in St. Andrews or Dundee; the curriculum for Engineering in 
Dundee. Application for admission to the Faculty should be sent to the Dean not 
later than 30th June. 

Residential Entrance Scholarships for Men and Entrance Bursary Competitions. — 

June aiimially. Pantries due ist May. United College, St. AiuJrev. s. — Residential 
Entrance .Scholarships — Seven of iioo per annum tenable for 3 or 4 years. One of y 70 
per annum teiiable for 3 or 4 years. Bursanes open to Science .Students — Four of 
one of one of £30, eight of lesser amounts from fa's to ^14, tenable for 3 or 4 years. 
University College, Dundee — Bursaries open to Science Students — Ten of from to 
£30,tenable for 3 or 4 years. 

Preliminary Examinations. — March and August. Entries due^4th February and i8th 
July. 

Post-Graduate Study and Research in ('hemistry. Mathematics, Astronomy, Natural 
Philosophy, Zoology, Botany, Geology', Anatomy, Physiology, Engineering. Provision 
made for duly qualified Research Workers. Students of the University are eligible for 
Carnegie Trust Scholarships and Fellowships and for other Scholarships, Fellowships and 
Grants. 

Chemistry Research Students should communicate with Professor Read, United College, 
or Professor Wynne-Jones, University College, Dundee. 

Residence Halls for Men Students at St. Andrews. — St. Salvator’s Hall, Dean’s Court, 
Swallowgate, St. Kcgulus Hall, Kcmiedy Hall. 

Pull information may be obtained from the Secretary of the University, St. Andrews, 
or the Dean of the Faculty of Science, Bute Medical Buildings, St. Andrews. 


SHRINKAGE AND CRACKING OF 
CEMENTIVE MATERIALS 

Papers given and Discussion of them at the Symposium organised by the Road and 
Buildings Materials Group of the Society of Chemical Industry in conjunction n ith 
the Ministry of Works. Held at the Royal Institution, London, May 8, 1 946. 

CONTENTS 


PAGE 

Opening Remarks Pv the Chairman and 

Sir Reginald Stradling 0 

Introduction 

By Prof. J. D. Bernal, F.R.S. 6 
Shrinkage and Creep in Concrete 

Bv Dr. F. M. Lea and C. R. Lee 7 
Creep in Mortars and Concretes 

By R. L'Hermiie 17 
The Setting and Expansion of Plasters 

ur. F. R. Himsworth 2.3 
The Swelling and Shrinkage of Porous 
Materials and the Role of Surface 
Forces in Determining Technical 
Strength By Dr. D. H. Bangham 29 
The Cracking of Plastic Clay Articles 
during Drying 

Bv H. H. Macey, M.Sc., F.Inst.P, 33 
Concluding Address 

By Prof. E. K. Rideal, F.R.S. 40 


PAGE 

Discufsion : 

On papers by Dr. Lea and M. 

R. l-’Hennite By Dr. A . D. Ross and 

H. B. Seed 40 
On paper b,' M. R. L’Hermite 

By R.K. Morrison 41 
On paper by Dr. Himsworth 

By Dr. D. H. Bangham 4 1 
G. W. Scott Blair 42 
C. L. Haddon 42 

Reply to Mr. Haddon 

By Dr, F. R. Himsworth 43 
On paper by Dr. Bangham 

By H. W. Webb 43 

General Remarks 

By Dr. G. W. Brindley, F.Inst.P. 44 
Dr. Schofield 44 
W. A. Wooster 44 


Price 10s. 6dl. net ; one copy to members at Ss. 6d. net. 

Published by The Society of Chemical Industry ; 1947 
Copies may be' obtained on application to the General Secretary of the Society at 
56, Victoria Street, London, S.W.l 




VACUUM 

PUMPS = PLANT-=MEASURING INSTRUMENTS 



We manufacture an extensive 
range of high vacuum rotary and 
diffusion pumps as well as direct 
. reading vacuum measuring in- 
Scale I 10 struments. In addition we de- 
sign and make special plant for 
most research and industrial applications of vacuum technique. 

The vacuum rotary pump Illustrated Is one of the famous 
‘‘Speedivac” Series which are available in single- and multi- 
stage patterns. These pumps are widely used for general 
factory or laboratory work where high vacua and rapid dis- 
placements are desirable. They are also suitable for backing 
all types of diffusion pumps. Models designed particularly for 
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The Type IV Vacuum and Pressure Unit illustrated has found 
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Because Harveys specialise in the fabrication of Plant for the Industrial & Chemical 
Trades they can supply the answer to even the most complicated Plate work problem. 
Modem welding eq[uipment and an experienced staff are available for the production of 
installations to any of the recognised codes, including A.O.T.C., Lloyds, A.P.I. and 
A.S.M.C. with if necessary, X-ray examination and stress relieving by heat treatment* 
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grade designs can be developed from your specifications. 

A typical example is the Electrically Welded Stainless Steel Autoclave, fitted urith a MUd 
Steel Jacket, illustrated here. The inner shell has a diameter of 5 O' and the Autoclave is 
8' S* high. This vessel was manufactured to Class 1 Specification with all welds X-rayed. 
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GENERAL AND PHYSICAL CHEMISTRY. 

1. Physical Aspects of the Hydrogen Bond. 

The term “ hydrogen bond was introduced by W. M. Latimer and 
W. H. Rodebush ^ to cover a species of molecular interaction the qualitative 
effects of which have been extensively observed. These effects are generally 
most pronounced when one of the participants is an 0~H or N”H group 
and the other is an 0, N, F, or Cl atom. As the properties of many im- 
portant families of organic compounds are intimately related to the presence 
of the former groupings, the hydrogen bond has come to play a large role 
in many topics of organic chemistry. ^ Here an attempt will be made to 
summarise some of the more significant physical studies of this particular 
molecular interaction. 

The magnitude of the interaction can be given by its energy value, 
measured by the chemist as A//, in kcal. per g.-mol. per bond. Despite 
the extensive discussion of hydrogen bonds, it appears that satisfactory 
determinations of this key factor are far less numerous than might be 
desired. Table I summarises those determined from equilibrium studies. 
Estimates from heats of dilution,^ heats of vaporisation,^ and similar general 
processes, whilst possibly indicating the order of magnitude, cannot be 
relied upon for accuracy, for the number of hydrogen bonds broken is often 
undetermined and the allowance to be made for many other factors 
involved in the changes is uncertain. To take equilibrium constants found 
in different solvents and combine them to provide a AH value ^ is clearly 
not justifiable. A number of the uncertainties in the spectroscopic deter- 
mination of AH in solution have been indicated.® 

It is doubtful whether the particular “ bond '' ascribed to these pro- 
cesses is the sole factor contributing to AH. Apart from the assumption 
of simple equilibria which may not always be strictly correct, the values 
such as that for the aniline association should be compared with the heat 

^ J. Amer, Chem. Soc,, T920, 42, 1419. 

* L. Hunter, this vol., p. 141. 

® K. L. Wolf, inter alia^ Trana. Faraday Soc.y 1937, 38, 179. 

* (a) M. L. Huggins, J. Org. Chem.f 1937, 1, 407; (6) L. A. K. Staveley, J. H. E. 
JeHes, and J, A, E. Moy, Trana, Faraday Soc., 1943, 89, 5. 

« H. M. Glass and W. M. Madgin, J., 1933, 193, 1431. 

* !M. M. Davies and G. B. B. M. Sutherland, J, Chem, Physics, 1938, 6, 767. 
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F. T. Wall £«id P. E. Rouse, J. Amcr. 0/tem. >5oc., 1941, 63, 3002. W. S. Hendrixson, Z. anorg. Chem., 1897, 13, 73. 

R. Meek© and H. NTuckel, NcUurwiss., 1943, 31, 348. E. N. Lassettre and R. G. Dickinson, J. Amer, Chem. Soc., 1939, 61, 54. 

E. A. Alexander and J. D. L€imbert, Trans, Faraday Soc., 1941, 37, 421. 
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of formation of naphthalene picrate in nitrobenzene, 2,100 cals, per g. -mol. ,20 
or of anthracene-trinitrobenzene in carbon tetrachloride, 4,400 cals, per 
g.-mol.^^ The latter values arise from dipole interaction with the polaris- 
able aromatic rings. The formation of a-naphthylamine propionate prob- 
ably occurs with proton transfer, (a-CioH 7 *NH 3 )^ ( 02 C*C 2 H 5 )“. 

The gas values will be the most significant in any theoretical analysis 
of the bond energy as there are obvious solvent effects on A//, which, in 
any case for solutions, refers to the heat content difference between the 
“ solvated ” species. Where the partition method has involved the use 
of a second solvent (often water), the influence of the latter upon the equi- 
librium in the first solvent may be appreciable.^^ The solvent effect on 
has been discussed in specific terms by E. A. Moelwyn-Hughes.^^ Table I 
indicates the order of hydrogen-bond strengths which, even for particular 
groups, are seen to depend uj)on the individual molecules involved. In 
o-chlorophenol and ethylene chlorohydrin the intramolecular O H ... Cl 
bonding appears to have a value of about 1*7 kcals. per g.-mol. The spectro- 
scopic evidence suggests that, in appropriate instances, the interaction can 
assume values from the range covered in the table down to a few hundred 
calories per bond. Judging from o-chloroj)henol which, unlike jihenol, is 
completely unassociated at half-molal concentration in benzene and has 
a boiling point notably lower than its isomers, even such small bond energies 
can induce notable changes in physical behaviour. It is particularly 
significant that, within the accuracy of the figures quoted, no great differ- 
ence is found in bond energies for the hydrogen and the deuterium 
compounds that can be compared. 

Intermolecular Forces . — At present it is usually convenient to sej)arate 
the total interaction between such chemically saturated molecules into the 
following terms : (a) The dispersion or London forces ; (h) dipole-dijiole 

forces; (c) dipole-induced dipole forces; [d) a force corresponding to a 
resonance energy arising from the possibility of the hydrogen atom occupy- 
ing either of two energy minima between the bonded atoms ; * (e) a repulsive 
force which falls away rapidly with increasing distance. 

In the equihbrium configuration, the resultant of (a), (6), (c), and (d) 
is balanced by (c). The separation of these terms is an artificial process, 
justifiable as a means to the approximate calculation of the total inter- 

20 F. S. Brown, J., 1925, 346. 

2 ^ G. Brieglob, Z. physikal. Cfmn.y 1935, J5, 31, 58. 

22 See, e.gr., E. N. Lassettre, Chetn. Reviews^ 1937, 20, 259. 

2 ® M. M. Davies, Trans. Faraday Soc., 1938, 84, 1427. 

2 ^ L. R. Zumwalt and R. M. Badger, J. Chem. Physics^ 1939, 7, 87. 

2® J. T. Hewitt and T. F. Winmill, J., 1907, 91, 441 ; and (6). 

2 ® See especially F. London, J. Physical Chem.^ 1942, 46, 305, where a form of 
treatment for non -spherically symmetrical, oriented molecules is presented; also 
K. G. Denbigh, Trans. Faraday Soc., 1940, 86, 936. 

* For the alternative electronic formulations of the resonating structures see, e.g., 
G. W. Wheland, “The Theory of Resonance and its Applications in Organic 
Chemistry ”, John Wiley and Sons, New York, 1944. 
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action. Although all these forces operate in varying degrees to account 
for the departure from ideal behaviour of a gas such as hydrogen chloride, 
(a) and (e) alone are significantly involved for non-polar “ permanent 
gases, which accounts for the tendency to restrict the term van der Waals 
forces to term (a). 

The calculation of these separate terms has frequently been made for 
comparison with the observed hH values of hydrogen bonds. It is not 
difficult to obtain items {h) and (c) with sufficient accuracy, but the term (a) 
is far more difficult to evaluate except for simple molecules oriented 
at random, i.e., in the gas phase; and much has stiU to -bo learnt about 
the correct representation of (e). For this reason the interpretation of the 
second virial coefficient B(jr), a function of temperature only, in the gas 
equation 

PV ^RT + P . B(T) + P2 . C(T) + P3 . D(P) + . . . 

is of especial significance. On the basis of this function, W. H. Stock- 
mayer has studied the molecular interactions in steam and ammonia. 
Allowing accurately for (b) and (c), and representing (e) as a ])ower function 
of the intermolecular separation (r), giving Prepi. = he shows that the 
virial coefficients observed for steam from 4(X)° to 750® k. require a molecular 
diameter a = 2-76 A. ; and — 4*7 x 10 erg-cm.® as the coefficient of 
r-® in the energy expression for (a). These figures are in excellent agree- 
ment with other independent estimates. For ammonia, a less complete 
analysis assuming impenetrable molecules of diameter 3*18 a. (cf. N . . . N 
in solid ammonia, 3-38 a. 2®) gave = 7*8 X 10“^® erg-cm.®, to be compared 
with the theoretical value = 7*0 X 10”^^ erg-cm.®. Stockmayer’s 
exponent in the repulsive energy term is far higher than that usually 
assumed. A later treatment of the same data has taken the more com- 
monly used inverse twelfth power for Prcpi.; the authors then extended 
the analysis in an interesting way. As the second virial coefficient arises 
only from factors governing collisions between two molecules, it can be 
related rigorously to the interaction energy of pairs of molecules in the 
collision state (AP). The values of AP deduced for water and ammonia 
are 2510 and 1376 cals, per g.-mol. respectively. Such quantitative 
treatments as the foregoing are certain to contribute greatly to our 
knowledge of molecular interactions in general, and the results for water and 
ammonia are immediately relevant here, as hydrogen bonds play a large 
part in interpreting the behaviour, at least of the former. 

C. F. Curtiss and J. O. Hirschfelder have indicated a more indirect 
but more generally available method of determining second virial co- 
efficients than that from an extended equation of state. This is done by 

J. Chem. Physics, 1941, 9, 398. 

** H. Mark and E. Pohland, Z, KrisL, 1925, 61, 532. 

H. Margenau, iJev. Mod. Physics, 1939, 11, 1. 

J. O. Hirschfelder, F. T. McClure, and I. F. Weeks, J. Chem, Physics, 1942, 10, 201. 

Ibid., p. 491. 
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rewriting the Clausius- Clapeyron equation for vapour pressure (P) variation 
with temperature {T) in the form 



AH 

d In P 
V ) da IT) 


where AH is the latent heat per mole, and Vl and V are the molar volumes 
for liquid and vapour. The right-hand side is evaluated in terms of directly 
observed quantities to give PVjRT ~ 1 + p/F. The higher terms being 
neglected, the second virial coefficient is calculated from the value of p. 
Large negative values for p indicate increasing fractions of collision double 
molecules. This p term is, however, an omnium gatherum factor, including 
all the departures from ideality as well as errors of experiment and calcul- 
ation, Taking it as a measure of the second virial coefficient, Curtiss and 
Hirschfelder calculate the fraction of double molecules in the vapours of a 
number of simple compounds. For methyl alcohol, ethyl alcohol, and 
benzene they are able to give values at three or more temperatures : from 
these it would appear that the interaction energies are 5-1 i 0-3, 4-5 0*3, 

and 2’2 4: 0-8 kcals. per g.-mol. of dimer respectively. The values are of 
the correct order of magnitude. It is clear that systematic determination 
of the Joule-Thomson coefficients for these and similar gases would give 
far greater precision to our knowledge of interaction energies for a phase 
where they could be theoretically analysed. 

G. Briegleb has made systematic calculations in electrostatic terms 
for hydrogen fluoride and its polymers. For this particular hydrogen 
halide he shows that the bonding energy in the monomer (365 kcals. per 
g.-mol.) is within 5% of that calculated for a simple polarised ionic binding.^® 
This agrees with C. P. Smyth and N. B. Hannay’s estimate ^ from the 
dipole moment that the ‘‘ amount of ionic character ” in hydrogen fluoride 
is intermediate between that in potassium iodide and potassium chloride. 
Using the electron-diffraction value of the F . . . F distance in the 
polymers, a calculation of the terms (a), (6), (c), and (e) — the energy term 
of the last being taken as proportional to r-® — on the basis of point dipoles 
gives AE = 6*8 kcals. for the dimer. For the short distances involved, 
such calculations are far more accurate when made by resolving the dipoles 
into their effective charges. With that procedure, Briegleb finds that the 
maximum interaction occurs when the components are almost perpendicular 
XT ^ another (see inset). Emphasis is laid on the dis- 
\ ^ tortion of the H-F bond as compared with the monomer : 
p j£ j, a distortion for which the vibrational spectra provide sub- 

stantial evidence. According as the H-'F distance assumed 
in the dimer varies between 0*92 a. (the value in the monomer) and 0-98 A., 

Z, phyaikal, Chem.t 1941, P, 61, 9. 

8e© also M. Born and W. Heisenberg, Z, Physik^ 1924, 83, 388; L. Pauling, 
Proc, Boy, Sqc., 1927, A, 114, 181. 

** J, Amer, Chem, Soc,, 1946, 68, 171. 

S. H. Bauer, J. Y. Beach, and J. H. Simons, ibid,, 1939, 61, 19. 
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the calculated net electrostatic bonding energy varies from 9*5 to 5*5 kcals. 
per g.-mol. of monomer (cf. Table I). Similar calculations for the trimer 
(HF )3 show a maximum interaction for the antiparallel arrangement of 
dipoles indicated by the electron-diffraction study as the probable structure 
of the chain polymer. The calculations suggest a decreasing average 
value of the bonding energy in going from dimer to trimer. Unfortunately, 
the vapour-density data are not sufficiently detailed to test this conclusion.'^ 

Less complete electrostatic calculations have been attempted in a large 
number of other cases.®® Verwey’s calculation of the intermolecular forces 
in water may be singled out for further mention. A careful consideration 
of the charge distribution in the water molecule leads to a total attractive 
energy between 17*8 and 19-9 kcals. per g.-mol. for the known structure of 
ice. Use of the Born or the Born-Mayer form for the repulsive energy 
term gives a maximum range for the latter of 6*3 — 10-7 kcals. per g.-mol. : 
on the basis of data for the alkali halides the value 8-4 is chosen as the best 
estimate. The calculated latent heat of evaporation of ice is thus 9*4 — 
11-5 kcals. per g.-mol. The experimental value is 10-8 in the same units. 
As the uncertainty in the London and in the repulsive energy term is of 
the order of at least 1 kcal., the agreement is as good as can be attained 
with our present knowledge. 

In many other cases, apart from the uncertainty in estimating (a), the 
repulsive term (^) has been neglected, so that the result is simply the 
positive contribution of (6) plus (c) to the stabilisation energy. The quant- 
itative significance of such results is thus in question. However, for the 
interaction energy in a simple case the terms (a), (6), (c), and (e) may be 
given a total representation j!J(r) = — j5/r® — U/r®; i.e., (e) is taken 

in the form (b) — (— (7/r®); (a) + (c) — (~ Bjr^), in formal agree- 

ment with the leading members in the full expansion for these terms. If it 
then obtains that at equilibrium the contribution of the dipole-dipole term 
is twice that of the induction and dispersion forces combined, U/rJq. = 
2B/rJq — as is approximately found in a number of cases®®*®® — then 
E(r^^) — —• O/rJq., and the net interaction is equal to that contributed 
by the dipole term alone. It is to be hoped, however, that such approxim- 
ations will not be necessary in future treatments. Where reasonably valid 
calculations can be made it appears that at least 70% of the hydrogen- 
bond eilergy can be ascribed directly to electrostatic effects. The Reporter 
is aware of only one explicit calculation of the resonance energy contribution 
to a hydrogen bond.®*^ 

X-Eay Studies, — The results of crystal-structure determinations pro- 
vided the first important structural evidence of the existence and extent of 

•• For instance: Q. Briegleb, Z, physikal. Chem,, 1933, B, 23 , 105; K. Berger, 
ibid,t 1933, B, 22 , 283; 1935, B, 28 , 95; J. H. de Boer, Trans. Faraday Soc., 1936, 
32 , 10; M. Magat, ihid.^ 1937, 83 , 714; Ann. Physique, 1936, 6, 108; E. A. Moelwyn- 
Hughes, J., 1938, 1243; H. Harms, Z. physikal. Chem., 1939, B, 48 , 257; M. M. Davies, 
Trans. Faraday Soc., 1940, 36 , 333; E. J. W. Verwey, Bee. Trav. chim., 1941, 60 , 887. 

R. Gillette and A. Sherman, J. Amer. Chem. Soc., 1936, 68, 1135. 
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hydrogen bonding.^® A large number of examples have since been studied 
in both the organic ^ and the inorganic field, and many summaries are 
available.®® The results, in the form of abnormally low distances between 
atomic centres not otherwise bonded but between which a hydrogen bond 
may be located, are usually most precise for ionic structures. This generally 
results from the simpler units and greater crystalline symmetry of such 
compounds compared with purely organic structures. Among the more 
recent JC-ray studies showing the importance of the hydrogen bond in 
inorganic compounds are those of solid hydrogen fluoride,^® iodic acid,^^ 
and hydrazinium difluoridc.**® 

Of the many organic structures revealing hydrogen bonding, that of 
oxalic acid dihydrate has been repeatedly studied and for that reason 
alone deserves special mention. The most recent treatment^ is also the 
most complete ; the molecular unit can now be represented with the bond 
distances (in A.) : 

<n)0^ C-C =155; 0-0^) - 1*28 ; C-Oai^ - 1-21 ; 

H.O. yC-’C/ OH. 

HOa/ ^0,n) OarOH^ = 2-51 ; OmrOH^ - 2-83 

The distance 2*51 a., which is well established for this structure, appears 
to be the shortest hydrogen bridge known between oxygen atoms. Thus 
it is possible that an oxonium oxalate structure contributes significantly to 
the molecular state, but the normal value found for the C”C distance clearly 
precludes many of the resonance structures ’’ which have been discussed 
for this system.^^ It may be indicated that the C“0 (1-28) and C-0 (1-21) 
distances estimated by Davies and Sutherland for dimeric acetic acid are 
in agreement with the values found here, though this can best be taken as 
confirming the indirect spectroscopic estimates. 

Robertson and Ubbelohde have studied with particular care the effect 
of deuterium substitution on the crystal structure of this and related hydro- 
gen-bonded structures.^® Whilst the electron distribution will remain 
unchanged by deuterium substitution, at least three possibly significant 
factors will vary : associated with the decreased zero-point energy there 

NaHFg ’ Rintie, H. Hentschel, arid J. I.ieonhardt, Z. physikaL Chem,y 1922, 
100 , 408; HgO : W. H. Bragg, Proc. Physical Soc., 1922, 34 , 98. 

(a) L. Pauling, “The Nature of the Chemical Bond”, Cornell Univ. Press, New 
York, 1939; (b) A. F. Wells, “ Structural Inorganic Chemistry”, Oxford Univ. Press, 
1945. 

P. Gunther, K. Holm, and H. Strunz, Z. physikal. Chem., 1939, B, 43, 229. 

M. T. Rogers and L. Helmholz, J. Amer. Chem. Soc.y 1941, 68, 278. 

M. L. Kronberg and D. Harker, J. Chem. Physics, 1942, 10 , 309. 

(o) W. H. Zachariasen, Z. Krist., 1934, 89, 442 ; (6) J. M. Robertson and 1. Wood- 
ward, i7,, 1936, 1817 ; (c) J. M. Robertson and A. R. Ubbelohde, Proc. Roy. Soc., 1939, 
A, 170 , 222, 241; {d) R. Brill, C. Hermann, and Cl. Peters, Naturvnss., 1939, 677; 
(e) J. M. Robertson, Trans. Faraday Soc,, 1940, 86, 913. 

** R. Brill, C. Hermann, and Cl. Peters, Ann. Physik, 1942, 42, 257. 

«« See 43 (c) and 43 (e). 

See 43 (c) and A. R. Ubbelohde, Trans. Faraday Soc., 1936, 32 , 526. 
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will be (i) a slight contraction of the O'’!! covalent bond distance, (ii) a 
diminished dipole moment, and, independently, (iii) a reduced ability of 
the deuterium, compared with hydrogen, to penetrate the potential hump 
separating two resonating structures. The first two changes will be very 
small, as shown for instance by the equilibrium distances in the isolated 
O • • • 0 and 0“D radicals being 0-9710 a. and 0-969 a. respectively.^^ The 
dipole moments should change in the same proportion. Thus the changes 
on deuterium substitution will provide an index of the contribution of 
protonic resonance to the hydrogen bond, for doubling the mass wiU greatly 
diminish the tunnel effect involved in this contribution. With their very 
precise comparisons of lattice parameters Robertson and Ubbelohde found 
no significant changes for phthalic acid and a- and p-resorcinol on deuterium 
substitution. The lattice spacings were constant to about 1(H a. For 
benzoic and succinic acids the isotope effect on the spacings was of a magni- 
tude 0-0004 a., about twice that amount in sodium hydrogen carbonate 
and greatest in oxalic acid dihydrate, where the spacing changes were 
some 0-004 a. Taking the unit cell for (C02H)2,2H20 as a 6-120 0-020, 

h = 3-600 ± 0-010, c == 12-030 ± 0-030, p - 106° 12', the results for 
(C02D)2, 21)20 gave a = 6-149, h = 3-600, c =- 12-071, p = 106° 33'. These 
changes when interpreted as alterations of bond lengths are very small 
compared with that brought about by hydrogen bonding — ^^e., a fall in 
0 * - - 0 distances from about 3-5 to 2*5 a. It is a legitimate conclusion that 
deuterium substitution has proportionately very little effect on the bond 
conditions and that resonance in such structures is not energetically sig- 
nificant. Spectroscopic evidence strongly supports this conclusion. 

A. R. Ubbelohde and I. Woodward have similarly studied the isotope 
effects in some acid phosphates and the role of hydrogen bonds in Rochelle 
salt.^® The crystal structure of the latter has been determined by C. A. 
Beevers and W. Hughes : a hydrogen-bond length of 2-56 ± 0-05 a. was 
established. For this crystal, Ubbelohde and Woodward now suggest as 
an explanation of the lower Curie point (marking the onset of anomalous 
dielectric properties) that below that temperature the hydrogen bridge is 
symmetrical with the hydrogen at the mid-point, but at that temperature 
thermal expansion of the lattice reaches a critical value which causes the 
hydrogen to move into an unsymmetrical position. This would account 
for the sudden increase in dielectric susceptibility. The suggestion is an 
interesting one. If it were confirmed it would provide the first instance of 
a 83 mimetrical bridge. However, it may be pointed out that Huggins’s 
potential function,®^ used to support the suggestion, cannot be relied upon 
quantitatively as it would certainly predict a symmetrical bridge in KHgPO^ 
(see below). Further, the change from a S 3 mimetrical to an unsymmetrical 

G. Herzberg, “ Molecular Spectra and Molecular Structure,’* Vol. I, Prentice- 
Hall, Inc., New York, 1939. 

Proc. Roy, Soc„ 1942, A, 179 , 399, 

Ibid., 1946, A, 186 , 448. « Ibid., 1941, A, 177 . 261. 

M. L. Huggins, J. Physical tJhem., 1936, 40 . 723. 
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bridge should be accompanied by an entropy change. This does not appear 
to be experimentally detectable at the Curie points in Rochelle salt, and 
its absence provides a major obstacle to the acceptance of Ubbelohde and 
Woodward’s picture. 

The quantitative measure of X-ray diffraction is also able to give 
significant indications of molecular distribution in the liquid state. J. 1), 
Bernal and R. H. Fowler’s use of the data for water is well known. 
Both methyl and ethyl alcohol have been carefully studied,^* Warren’s 
treatment of the intensities being used to give atomic distribution curves. 
At — 75° liquid methyl alcohol gave considerable detail, four diffraction 
rings being visible on the film. The pronounced peak in the radial 
distribution curve near 2-70 a, corresponded to the 0 * • * O distance for the 
hydrogen-bonded molecules. From the area of this peak it could be calculated 
that the number of near neighbours to each hydroxyl group averaged two, 
in agreement with the usual formulation of alcohol association : 

R^^ Rs^ Rx^ R. 

0-H • • • ^0-H • • • • 0-H • • • 

For ethyl alcohol the maxima were not so clearly defined at — 75° but the 
0“H distance appeared to be 2*9 a. in this case. When examined in the 
supercooled state sharper maxima were again obtained which agreed 
well with Harvey’s representation of the liquid. 

Entropy Studies, — An interesting fact accounted for by the dissymmetry 
in a particular hydrogen bridge is the residual entropy ” of ice. L. Pauling 
gave the interpretation of this phenomenon.^* In the solid the oxygen 
atoms are in tetrahedral co-ordination and each hydrogen is about 0*95 a. 
from one oxygen and 1-81 a. from another. Above 200° k. the dielectric 
constant of ice is of the same magnitude as that of water, showing that its 
dipoles (0“H bonds) can orient themselves with considerable freedom. At 
lower temperatures the solid “ freezes ” into one of the large number (W) 
of configurations possible for the location of the hydrogen atoms. The 
existence of these equivalent locations introduces a randomness not other- 
wise anticipated and so an entropy term US = kin W- As the energy 
differences between the various configurations are very small, no transition 
to a particular group of them occurs in the range of temperatures for which 
specific heats have been measured. Accordingly, the solid retains this 
item of entropy in the lowest observed range. 

A simplified calculation of AS can be given in terms of the six orient- 

C. C. Stephenson and J. G. Hooley, J, Amer, Chem. Soc,, 1944, 66, 1397. 

J, Chem. Physics, 1933, 1, 515. 

M W. H. Zachariasen, ibid,, 1935, 8, 168; G. G. Harvey, ibid., 1938, 6, 111; 1939, 
7, 878. 

** W. S. Pierce and D. P. MacMillan, Amer. Chem. Soc., 1938, 60, 779, 

J. Appl. Physics, 1937, 8. 645. 

” A. Prietzschk, Z. Physik, 1941, 117, 482. 

/. Amer. Chem. Soc., 1935, 57^ 268Q. 
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ations possible for a single H2O molecule (Fig. 1). The chance that the 
adjacent molecules (a, 6, c, d) will permit any particular one of these 
(Oa + Oh, say) is 1 /4, inasmuch as the chance of a having one of its hydrogens 
along Oa is 1/2, and similarly for h along Oh. Thus the total number of 
configurations for an assembly of N molecules is IF = (6/4)^ : whence 
“ 1 ? . In (3/2) — 0-805 cal. per g.-mol. per For the vapour under 

standard conditions the spectroscopic value of the entropy is 45*101 units : 
the thermal value calculated from specific and latent heats, etc., is 44*23 
units : the difference, 0*87 unit, is a measure (including experimental errors 


d b 


c c 

O-a -|- {0-h, 0-c, or 0-d) — 3. 0-6 -f- (0-c or 0~d) — 2. 

0-c + 0-d= 1. 

Fig. 1. 

in the separate figures quoted) of the excess entropy retained by the solid 
at the lowest temperatures. The agreement with the calculated value is 
very satisfactory. 

It is clear that this entropy term depends upon the unsymmetrical 
location of the hydrogen in the 0 • • • 0 bridge. The occurrence of this term 
and its precise determination in a number of instances provides an inter- 
esting refutation of the supposition frequently repeated that in a 
number of short hydrogen bonds, as normally observed, the hydrogen is 
symmetrically located. Among the structures where an excess entropy in 
the solid has been satisfactorily explained on lines similar to those for ice 
are a series of inorganic salts studied by C. C. Stephenson and his collab- 
orators. These are KH2As04,62 (NH4)H2P04,®3 (NH4)H2A804,^ 

AgaHalOe,^^ ; K. S. Pitzer and L. V. Coulter studied 

Na2SO4,10H2O.«’ 

There is one important difference between these cases and ice. If we 
take KH2PO4 as an example (0 • • • 0 bridge == 2*54 ± 0*05 a.),®® the possible 

For a more complete treatment, see J. C. Slater, J. Chem. Physics, 1941, 9 , 16. 

J. D. Bernal and H. D. Megaw, Proc. Roy. Soc., 1935, A, 161, 384. 

See (62) and other references given there, 

C. C. Stephenson and A. C. Zettlemeyer, J. Amer. Chem. Soc., 1944, 66 , 1402. 

Idem, ibid., p. 1406. 

C. C. Stephenson and H. E. Adams, ibid., p. 1409. Idem, ibid., p. 1412. 

C. C. Stephenson, J. Chem. Physics, 1941, 9 , 379. 

J. Amer. Chem. Soc., 1938, 60 , 1310. 

S. B. Hendricks, Amer. J. Sci., 1927, 14 , 269. 
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number of configurations is the same as in ice, two hydrogens being associated 
with each phosphate tetrahedron. However, the configurations are not 
now all of the same energy and there is a transition temperature (121*97^ 

0 05° K.) below which a unique distribution is assumed by the hydrogens. 
In this particular configuration all the (H2P04)“ dipoles are oriented parallel 
to the c-axis, giving the crystal its spontaneous polarisation along this axis 
below the transition temperature. Accordingly, the additional entropy 
appears only above the transition point and so its value can be directly 
measured. For KH2PO4 the results gave AS = 0*74 O Ofi cal. deg.-^ 
mole-^. Slater’s treatment predicts a first-order change In 2 = 

0-69 cal. deg.-^ mole-^ at the transition temperature, followed by a further 
gradual increase to the total AS = JR In (3/2) = 0-805 cal. deg.-^ mole^^ at 
higher temperatures. For the distribution of the three hydrogens attached 
to the lOg octahedron in Ag2H3lOg, the value predicted for the transition 
temperature is AS — f H In 3 ~ 1*64 entropy units, followed by a further 
increment making the total AS = jRln (5/2) = 1-82 entropy units. Direct 
measurements gave AS = 1-60 i 0-10 entropy units at the transition point. 

J. 0. Halford has used the entropies of the dimeric forms of formic 
and acetic acid to estimate a force constant for the hydrogen bond in these 
molecules. The value so found, k — 4-0 1*0 X 10^ dynes per cm., will 

be further mentioned in the section on infra-red spectra. 

Infra-red Studies. — ^Absorption studies in the second overtone region for 
the 0“H group (X ^^9700 a.) allowed R. Freymann in 1932 to demonstrate 
clear spectroscopic changes on molecular association.’® Similar effects 
in the fundamental region (X ^2-75ii; v ^^3640 cm.-^) were found by 
J. Errera and P. Mollet in 1936.’^ 

The form taken by the greater part of subsequent infra-red work on this 
topic has been to study the change in the X-H valency vibration when it 
is involved in a hydrogen bond, X~H . . . Y. Other spectroscopic changes 
will be mentioned later. By virtue of the single covalency and small mass 
of the hydrogen, the X~H vibrations can justifiably be treated as involving 
only the force constants for that bond, an approximation which is further 
improved in those cases (e.g., 0~H) where the valency angle of X is roughly 
90°. The stronger the dipolar character of X“H the more intense these absorp- 
tions will be, so that it is comparatively easy to follow them over wide 
changes of state. As a change in frequency for the peak absorption of a 
few wave numbers (cm.-^) is readily measured, it will be understood that 
the method is a sensitive one for following slight changes in the X^H bond. 

For the X“H stretching vibration the results in such cases as the pro- 
gressive association of the alcohols and phenol are comparatively simple. 

J. Chem. Physics^ 1946, 14 , 396. Compt. rend., 1932, 195 , 39. 

Nature, 1936, 138 , 882; see also C. E. H. Bawn, J., 1932, 1189. 

Inter alia : (a) J. J. Fox and A, E. Martin, Proc. Roy. Soc., 1937, A, 169 , 419; 
(6) idem, Trane. Faraday Soc,, 1940, 36 , 897 ; (c) R. Freymann, Compt. rend., 1937, 904 , 
1063 ; {d) E.'L. Kinsey and J. W. Ellis, J. Chem. Physics, 1937, 6, 399 ; (e) R. M. Badger 
and El Bauer, ibid., p. 938 ; (/) J. Errera^ R. Gaspart, and H, Sack^ ibid., 1940, 8, 63, 
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The sharp absorption due to monomeric ethyl alcohol molecules at 3638 
cm.-^ (2*75 [i) is accompanied by a much broader absorption centred at 
about 3325 cm.“^ when association occurs. The decreased frequency (Av = 
310 cm.“i) clearly means that the hydroxyl group in the associated molecule 
participates in an interaction which reduces the restoring force in the O-'H 
bond. A similar change occurs on the association of carboxyl groups 
when the sharp absorption at 3530 cm.-^ is replaced by an exceedingly 
broad band extending from about 3330 to 2380 cm.- Davies and Suther- 
land have emphasised the occurrence of changes, albeit smaller, in the 
C—O and C“0 bonds at the same time. The formation of hydrogen bonds 
having nitrogen at X or Y has also been studied by these methods. 

Spectroscopic measurements have provided the means of establishing 
many interesting cases of intramolecular interaction of the same general 
nature as hydrogen-bond formation. This aspect has been the particular 
concern of Wulf and his co-workers. One of the simplest examples is 
that of o-chlorophenol, where the explanation of two sharp absorptions 
observed for the monomeric molecules was given by Pauling in terms 
of the ci5-(I) and tran8-{ll) configurations stabilised by the energy minima 



for the hydrogen at the two positions in the benzene-ring plane. The study 
of the temperature variation of these absorptions in solution and in the 
vapour has confirmed this interpretation, although the occurrence of 
resonance with a quinonoid form of the phenolic group (indicated by Paul- 
ing) does not appear to be a necessary part of the phenomenon.'^® Davies 
has found that the spectroscopic evidence points to the same interaction 
being the stabilising factor in chloral and bromal hydrates and in other 
compounds having a stable >C(OH)2 group, 

(a) R. M. Badger and S. H. Bauer, «7. Chem. Physics, 1937, 5, 606; (6) M. M. 
Davies and G. B. B. M. Sutherland, ibid,, 1938, 6 , 755, 767; (c) refs. (11), (13); (d) 
Hofstadter, J. Chem, Physics, 1938, 0, 540; 1940, 8, 252; (e) A. M. Buswell, W. H. 
Rodebush and M F. Roy, J, Amer. Ch^m, 8oc., 1938, 00, 2239. 

J. W. Ellis, J. Chem. Physics, 1939, 7 , 862; Physical Rev., 1939, 55 » 1098; 
A. M. Buswell, J. R. Downing, and W. H. Rodobush, J. Amer. Chem. Soc., 1940, 08 , 
2759; H. W. Thompson and G. P. Harris, J., 1944, 301 ; W. Gordy, J. Chem. Physics, 
1939, 7 , 167 ; W. Gordy and S, C. Stanford, J. Amer. Chem. Soc., 1940, 02, 497. 

{a) O. R. Wulf and U. Liddel, ibid., 1936, 57, 1464; (b) O. R. Wulf, U. Liddel, 
and S. B. Hendricks, ibid., 1936, 68, 2287; (c) O. R. Wulf and L. S. Doming, J. Chem. 
Physics, 1938, 0 , 702 ; (d) O. R. Wulf and E. J. Jones, ibid., 1940, 8, 745 ; (e) O. R. Wulf, 
E. J. Jones, and L. S. Doming, ibid., p. 763. 

L. Pauling, J. Amer. Chem. Soc., 1936, 68, 94. 

’’ M. M. Davies, Trans. Faraday Soc., 1938, 84 , 1427. 

L. R. Zumwalt and R. M. Badger, J. Chem. Physics, 1939, 7 , 87; J. Amer. Chem. 
Soc., 1940, 02 , 305. 

M. Mt Davies, Ttans. Faraday Soc., 1940, 86, 1114. 
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Leaving these qualitative effects, we turn to the many studies of 
association equilibria by means of absorption intensities.®^ It has been 
possible to deduce equilibrium constants and, from measurements at 
different temperatures, heats of association have been calculated. Very 
careful intensity measurements are required if the latter values are to 
be accurate ®2 and, particularly for solutions, a check should be made 
of any temperature change of absorption coefficient. It is noteworthy that 
Hoffmann found that, whilst the extinction coefficient for the wave- 
length of maximum absorption varies from one alcohol to another, the 
integral absorption for the monomeric 0~H band bears a constant relation 
to the number of free alcohol molecules. The association of alcohols and 
phenols f proceeds via the dimer to aggregates of increasing com- 

plexity, only the dimer being individually distinguishable among the poly- 
mers. A significant point in these treatments is that the monomeric mole- 
cules alone are found to contribute to the “ free O H absorption.®® This 
suggests that the usual representation of the alcohol 
I^\^ dimer is unsatisfactory insofar as it shows one of the 
O^H . . . 0-H hydroxyl groups apparently “ free Fox and Mar- 
tin, however, believe that they have found the corre- 
sponding absorption for the benzyl alcohol dimer at 2-77 (ji, compared with 
2*765|x for the free hydroxyl of the monomer. It should be mentioned that 
the quantitative analysis of the absorptions shows, in some cases at least, 
that only small fractions of dimer molecules are present at any stage; 
thus, for <er/. -butyl alcohol, the results are in accurate agreement with a 
simple monomer trimor equilibrium; ®® whilst, despite pronounced asso- 
ciation, little of the dimer can be detected in solutions of ethyl, propyl, or 
butyl alcohol in carbon tetrachloride.^^®’ ®^ 

It will be clear that the first datum provided by the infra-red studies is 
the change in frequency (v) of the X“H vibration. This can be accurately 
related to the change in the force constant (k) for the covalent bond. To 
deduce the accompanying change in structure, i.e., the change in X~H bond 
length, one of the empirical equations connecting force constant and inter- 
nuclear distance (r) must be used.®® The physical basis for these relations 
has been elucidated by G. B. B. M. Sutherland.®® Treating X~H as a 
“ diatomic ” system, Badger’s equation yields 

^ 

r ”” 3 k 3 V 

M. M. Davies, Trans, Faraday Soc,, 1940, 36 , 333. 

See, e.g., 72 («), (6), (e), (/); 73 (6), (c). 

E. G. Hoffmann, Z. physikal. Chem,, 1943, B, 58 , 185. 

See, especially, H. Kempter and R. Mecke, ibid.^ 1940, B, 46 , 229; E. G. Hoff- 
mann, (82). 

J. Kreutzer and R. Mecke, ibid.^ 1941, B, 49 , 309. 

«« R. M. Badger, J. Chem. Physics, 1934, 2, 128; 1936, 3 , 710; C. H. D. Clark, 
Trans. Faraday 8oc., 1941, 87 , 299, and earlier papers. 

«« Proc. Indian Acad. Sci., 1938, 8, 341; see also, C. K. VV'u and C. T. Yang, J. 
Physical Chem., 1944, 48 , 296. 
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This gives a maximum change of the 0~H bond length from 0*98 to 1*12 a. 
on association of two carboxyl groups, the actual change probably being a 
good deal less. However, even this value leaves the hydrogen bridge in the 
dimer unsymmetrical, a conclusion fully confirmed by the other absorptions 
of the structure. The interpretation of the electron- diffraction results 
has been brought into agreement with this picture.®’ If a molecularly 
symmetrical structure X-H“X were to be produced by a potential minimum 
for the hydrogen half-way between the bonded atoms, the X~H valency 
vibration would disappear from the infra-red spectrum; this has not, as 
yet, been found to occur. In a number of intramolecular instances the 
X-H frequency is shifted to a region where it overlaps and is partly masked 
by other absorptions of the molecule : examples are o-nitrophenol, salicyl- 
aldehyde, and salicylate esters.®® The chances of overlapping are increased 
in the overtone regions and this partly accounts for the failure to detect the 
shifted absorptions in some early work by Wulf and his associates.®® A 
comparison of absorption intensities with similar compounds in which no 
hydrogen bond occurs will help to locate the shifted frequency : or, better, 
deuterium substitution will often place the X-D frequencies in a region 
where they are free from overlapping bands. 

Table II. 


Molecule. 

HCl. 

CH 4 . 

HgS. 

C«H«. 

NH 3 . 

Gas (cm."^) 

.... 2889 

2914 

2611 

3099 

3334 

Liquid (cm.“^) 

.... 2785 

2909 

2573 

3090 

3300 

Percentage change from gas 

.... -3-6 

-017 

-1-5 

-0-3 

-10 

Solid (cm.“^) 

.... 2744 

2906 

2653 

3089 

3303 


2701 





Percentage change from gas 

.... -50 

-0*27 

- 2-2 

-0*3 

-0-9 


- 6-6 






HCN. 


BCI 3 . 


Molecule. 


, SbCls. 



A 

PCI 3 . 

Gas (cm.“^) 

.... 2089 

3312 3823 

924 

958 996 

355 

Liquid (cm.~^) 

.... 2094 

3213 360 

902 

946 989 

314 

Percentage change from gas 

... 0-2 

00 

1 

9 

1 

-2*4 

-1*2 -0-7 

- 11-6 


In any discussion of these frequency shifts it must be emphasised that 
similar, although generally smaller, changes are found in a wide variety of 
circumstances not connected with hydrogen-bond formation. The most 
common of these is change of state, and Table II shows some typical 
examples : not all the frequencies of a given molecule are quoted, and some 
of the data are derived from Raman spectra.®® 

Such changes have usually been ascribed to electrostatic forces and the 

Cf. L. Pauling and L. O. Brockway, Proc. Nat, Acad, Sci., 1934, 20 , 336 ; J. Karle 
and L. O. Brockway, J, Amer. Chem. Sqc., 1944, 66, 671. 

*® A. M. Buswoll, V. Deitz, and W. H. Rodebush, J, Chem, Ph/yeice, 1937, 6, 501, 
726. 

J, Amer, Chem, Soc., 1933, 66, 3674; and 76(a). 

•® See, also, G. Herzberg, “ Infrared and Baman Spectra of Polyatomic Molecules,” 
D. Van Nostrand Co., New York, 1946, 
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distortion of dipoles in the condensed phase.*^ What is important for the 
present purpose is that changes in absorption frequencies cannot be indis- 
criminately ascribed to specific “ hydrogen bonding.” This is par- 
ticularly to be noted for changes on going from one solvent to another : 
such facts as the appearance of the monomeric 0~H absorption of benzyl 
alcohol at 3618, 3610, and 3671 cm.“^ in carbon tetrachloride, chloroform, 
and benzene solutions respectively^® suggest that quite general factors 
may play an important part. Further, it is not permissible to deduce an 
increase or decrease in bonding energy as an immediate consequence of an 
increase or decrease in frequency. The latter change only relates directly 
to the force constant, i.e., to the slope of the potential curve near the 
minimum, and it does not determine a change in the depth of the potential 
curve. That changes occur in the form of the latter on hydrogen bonding 
is probable from the dilferent anharmonicities calculated for the free and 
hydrogen-bonded X-H vibrations.®® Unfortunately, only for such cases as 
o-chlorophenol can this point be readily tested and even then data of mixed 
origin have to be combined. Owing to the great uncertainty in locating 
the centre of the association band in the different overtones, it is impossible 
to come to any conclusion in the case of the carboxylic acids, but data 
(again mixed) for hydrogen fluoride suggest differences in anharmonicity 
between monomer and polymer.®® 

Accordingly, it is not surprising that, although several attempts have 
been made, no satisfactory relation has been found between the frequency 
changes on hydrogen bonding and the AH values for the bond. Indeed, 
there are no very plausible grounds for anticipating a simple relation between 
the latter factor — ^which is the one usually measured by chemists and the 
one of most significance in their operations — and the changes of the potential 
field in the molecule. At best a correlation between AH and Av for similar 
groups involved in hydrogen bonds might be expected : as a particular 
instance, if the same Av/v values are found for an OH and OD compound, 
it is reasonable to assume that the AH values wiU be equal. R. M. Badger 
and S. H. Bauer, despite the limitations of which they were well aware, 
have indicated a rough empirical relation of AH with Av for bonds involving 
the hydroxyl group.®® The form of the relation has been modified by 
Badger.®*^ 

A significant use of the frequency changes can be made by comparing 
them for hydrogen and deuterium bonds. For HgO and D^O in the vapour 

(ct) W. West and R. T. Edwards, J, Chem, Physics, 1937, 6, 14; (6) W. West, 
ibid>., 1939, 7, 795; (c) J. R. Nielsen and N. E. Ward, ibid., 1942, 10, 81 ; (d) H. Braiine 
and G. Engelbrecht, Z. physikaL Chem., 1932, B, 9, 303. 

See, also, A. M. Buswell, J. R. Downing, and W. H Rodebush, J, Amer. Chem. 
Soc., 1939, 61, 3262. 

M. M. Davies, J. Chem. Physics, 1940, 8, 577. 

(a) A. M. Buswell, R. L. Maycock, and W. H. Rodebush, ibid., p. 362; (6) A. L. 
Wahrhaftig, ibid., p. 349. 

See, however, R. M. Badger, ibid., 1940, 8, 288. 

Ibid., 1937, 5, 839. Ibid., 1940, 8, 288. 
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the unsjmametrical valence frequencies are 3756 and 2789 cmr^, respect- 
ively; in the liquids these become 3400 and 2507 cm.-^.®® The values of 
100 Av/v for the hydrogen bonding accompanying the change of phase are 
thus 9*5 and 9*9 respectively. Some further examples are given in Table III. 

The changes in hydrogen chloride may not, of course, be associated 
with a typical hydrogen bond. Whilst the figures quoted are not all of 
high accuracy (partly owing to the difficulty in locating the centre of the 
association bands) they suffice to show that there is no substantial differ- 
ence resulting from deuterium substitution. It has already been emphasised 
that any contribution due to a resonance term in the bond energy would be 
greatly changed by doubling the mass of the hydrogen : the conclusion is, 
therefore, that in these cases this contribution is of very small proportions. 

A fairly complete analysis of a hydrogen bond structure is provided by 
J. A. A. Ketelaar’s study of the KHFg, KDFg absorptions and refiections 
in the infra-red range 1 — 16 g.® His interpretation of the observed fre- 
quencies is that they are nearly all combinations of the “ hydrogen ” or 
unsymmetric valency vibration (vg) with the infra-red inactive symmetrical 
vibration (v^) (see Fig. 2). The failure to detect Vj in the Raman spectrum 


F H F 


H 

i 


Fig. 2. 


F H 


of these salts ^ is related to the small polarisability of the fluoride ion and 
the preponderatingly ionic character of the bond. The most important 
feature of the spectrum is the splitting of the fundamental vg absorption 
into two components at 1222 cm."^ and 1450 cm."^ in (HFa)"" and at 891 cm,~^ 
and 1046 cm.-^ in (DFg)". Ketelaar assigns this doubling, which is consist- 
ently observed in the overtones and combinations of vg, to a double minimum 
in the curve showing the potential energy of the hydrogen atom as a func- 
tion of the distance from the fluorines. Using the treatment first evolved 
by G. E. Uhlenbeck and D. M. Dennison ® for the NHg molecule, he has 
drawn this potential curve for (HFg)". The minima are estimated to be 
separated by 0 7 A. and a potential hump of 2570 cm.-^, equivalent to 
7’3 kcals. per g.-mol. The F-F distance being taken as 2*26 a.,"^ the two 

(a) E. F. Barker and W. W. Sleator, J. Chem. Physics, 1935, 3, 660; (h) W. Gordy, 
ibid., 1939, 7, 93; (c) J. J. Fox and A. E. Martin, Proc. Roy. Soc., 1940, A, 174, 284. 

See (13). 1 Ref. (90), p. 336. 

® G. Bosschieter, J. Chem. Physics, 1937, 6, 992. 

* Rec. Trav. chim., 1941, 60, 623. 

* E. Lee, G. B. B. M. Sutherland, and C. K. Wu, Proc. Roy. Soc., 1940, A, 176, 493. 

* J. A. A, Ketelaar, ref. (3) ; L. A. Woodward and H. J. V. Tyrrell, Trans. Farctday 
Soc., 1942, 88, 613. 

® Physical Rev., 1932, 89, 938. 

^ X-Ray result ; L. Helmholz 9 nd M, T. Ro^ers^ J. Amer, Chem^ Soc,, 1939^ 61, 
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minima are then at about 0-78 a. and 1*48 A. from any one fluorine. (In 
HF gas the internuclear separation is 0*9 17 a. : the reality of the decrease 
to 0*78 a. can only be established after a consideration of a number of 
possible errors.) To interpret the observed splitting in the absorptions 
involving vg, Ketelaar takes a separation between the symmetrical and 
unsymmetrical ground states of 25 cm.-^, and a splitting of 185 cm.“^ for 
the first vibrational level. Accordingly, the energy difference between the 
two ground states is /lAv, where Av ^--25 cm.-^, z.e., about 0*07 kcal. per g.-mol. 
As one level will be as much above as the other is below the energy level 
that would prevail in the absence of resonance splitting, it a})pears that 
the resonance contribution to the stabilisation of (HFg)' is of the order 
0 04 kcal. per g.-mol. There is every indication that the hj^drogon bond 
in (HFg)' is one of the strongest known : compare 100 Av/v on the formation 
of (HF)„ and (HFg)”', i.e., 13*4 and 66*3. In the absence of a direct deter- 
mination, Ketelaar estimates the bonding energy F' + HF — (HFg)" + Q 
to have a value for Q between 30 and 50 kcals. per g.-ion. Despite its 
small energetic significance, it is important that protonic resonance has 
been established in the structure, for previously only in NHg and PHg 
(where it corresponds to an inversion of the pyramid) have spectro8coj)ic 
methods clearly shown it to occur. Although decreased as compared with 
(HFg)", the resonance splitting is surprisingly large in (DFg)", e,g.y for the 
vibrational transition (vg) 0 — 1, the separations are 228 cm.-^ and 155 crn. -^ 
respectively. This largo value is presumably due to the first vibrational 
level lying near the top of the barrier. G. Glockler and G. E. Evans ® 
have given an analysis of the same structure based on the assumptions 
that vg = 3720 cm.-^ and that the resonance splitting was 111 cm.“^ (cf. 
228 cm.-i above). These figures were derived from a far less complete 
study of the absorptions than Ketelaar’s and, despite some unexpected 
features in his assignments, Ketelaar’s treatment is the more satisfactory. 

Buswell, Maycock, and Rodebush have measured the absorptions of 
gaseous hydrogen fluoride. The dilute gas has the normal vibrational band 
with rotational lines centred at 3960 cm.“^. As the pressure increases up 
to atmospheric, a broad band extending from 3800 to 3150 cm."^ appears 
and is clearly due to the associated molecules (HF)„. Although only dilute 
solutions (0*01 m) in carbon tetrachloride could be examined, the authors 
draw attention to the particular weakness of the association features observed 
there. In view of the exceptional polarity of the HF molecule this may 
result from a strong dipole-induced dipole interaction with (i.e,, solvation 
by) the carbon tetrachloride. 

As G. B. B. M. Sutherland has clearly indicated,® the hydrogen bond 
X~H • • • Y will have three frequencies associated with it (cf. Fig. 2). 
So far only vg, i.e., the modified X“H frequency, has been treated; far less 
is known of the other two, has been identified with the 160 — 175 cm.-^ 

* J, Chem. Physics, 1942 , 10 , 607 . 

* Trans. Faraday Soc., 1940 , 86 , 889 . 
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band observed in the Raman spectrum of water which was also measured 
as an infra-red absorption by C. H. Cartwright.^ ^ Cartwright and J. 
Errera confirmed the assignment when they showed the disappearance 
of this absorption in dioxan solutions of water. Similarly, liquid formic 
acid shows a broad Raman band centred near 180 cm.-^. Acceptance of 
this value for the vj frequency would give a force constant for the hydrogen 
bond (XH • • • Y) of about 2*7 X 10^ dynes per cm. This is near the value 
estimated by Halford from thermodynamic data, and is to be compared 
with values of the order 6 X 10^ dynes per cm. for normal covalent X"H 
bonds. 

The bending vibration V 2 will clearly be related to the angular deform- 
ation of the X“H bond. The latter vibration gives rise to the 6 g absorption 
in HgO. Whilst association with another molecule will stretch the X-H 
bond and so cause a decrease in the valence frequency, it will tend to tie 
the hydrogen more firmly in its angular orientation. Accordingly, the 
deformation frequency can be expected to rise on association : this agrees 
with the observation that the 6 g band moves to shorter wave-lengths on 
going from vapour to liquid water. Similarly, in phenol vapour the 
1175 cm,-^ absorption is assigned to S(OH) of the monomer, and this becomes 
1210 cm.-^ in the liquid, i.e., vg of 0~H • • • Unfortunately, it is only 

in a few cases of molecules forming hydrogen bonds that these deformation 
frequencies have been unambiguously identified. 

Baman Spectra. — In discussing the interpretation of infra-red observ- 
ations on hydrogen bonds, frequent reference has been made to similar or 
additional indications provided by Raman spectra. The results obtained 
by the latter means are in the same sense as those of infra-red spectra. 
However, the more polar an X“H bond is, with the less intensity will its 
vibrations appear in the Raman spectrum. Again, when a single sharp 
frequency is replaced by a broad band the latter may not be readily detected 
on the photographic plate. For the further reason that Raman spectra 
are not easily recorded at low concentrations — i.e., in the vapour or dilute 
solution — the indications of molecular interactions are not usually so clear- 
cut as from the infra-red. However, in addition to those observations 
already quoted, special mention should be made of the study of carboxylic 
acid association by P. Koteswaram,^^ the examination of hydrogen bonds 
in amides by A. L. S. Rao,^® and similar cases, including esters in 
alcoholic solvents, by G. V. L. N. Murty and T. R. Seshadri.^’ These 
authors deal particularly with the changes in the carbonyl frequency near 
1740 cm.~^ which appears to provide the clearest criterion of hydrogen 

J. H. Hibben, “The Kaman Effect**, Reinhold Publ. Corp., New York, 1939, 
pp. 320 et seq. 

Nature, 1935, 136 , 181 ; Physical Rev., 1936, 49 , 470. 

1* Proc. Roy. Soc., 1930, A, 154 , 138. i® See especially 98(c). 

1* V. Williams, R. Hofstadter, and R. C. Herman, J. Chem. Physics, 1939, 7, 802. 

1® Z. Physik, 1938, 110 , 118. i« J. Indian Ohem. Soc., 1941, 18 , 337. 

17 Proc. Indian Acad. 8ci., 1941, A, 16 , 154, 230, 238. 
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bonding in the Raman spectra of these molecules. The conditions in water 
have been the object of much special study ; the results, up to 1939, have 

been collected in Hibben’s book.^® In methylamine one of the ^ 

valency vibrations shifts by 98 cm.-^ to lower frequencies on passing from 
vapour to liquid, whilst a line arising from the deformation of the same 
group, found at 781 cm.-“^ in the vapour, could not be located in the liquid. 
This is substantial evidence of the interactions of these groups in the con- 
densed phase. The extensive Raman data for the various forms of oxalic 
acid have been supplemented and discussed by L. Kahovec, K. W. F. 
Kohlrausch, and J. Wagner. 

Dielectric Polarisation. — As the X~H groups most effective in hydrogen 
bonding are of a pronounced polar character, it is clear that dipole-moment 
studies will contribute significantly to our understanding of these systems. 
This has been recognised since the earliest days of dipole-moment measure- 
ments and much evidence has been accumulated on molecular polarisation 
and its variation with molecular association. It is important in this respect 
to emphasise, as Pauling has done,^^ that the interpretation of hydrogen 
bonding in terms of the dipolar character of X~H or as resulting from the 
. . — 

ionic form X“H of the same bond are physically equivalent, for the latter 
is merely the principal electronic distribution which gives rise to the dipole 
moment. At short distances the influence of the latter must be calculated 
from the actual charge distribution — i.e., from the resolved dipole moment 
corrected for the distortion produced by the interaction. 

One of the striking consequences of ‘‘ hydrogen bonding ” is the abnorm- 
ally large dielectric constant of liquids such as CHg’OH, HgO, HF, and HCN 
compared with those of other molecular species whose individual moments 
are of the same order of magnitude. This is a result of the local structtire 
maintained by the pronounced interaction of the X-H dipole with its 
neighbours. On the basis of a general treatment outlined by L. Onsager 
and extended by J. G. Kdrkwood,^^ G. Oster and Kirkwood have been 
able to calculate the dielectric constants of liquids of this type with reason- 
able success. Apart from its immediate interest, the significance of such 
a treatment is that it provides a physically sound approach to the quantit- 
ative evaluation of medium (or solvent) effects. 

18 R. Rao, Proc. Roy. Soc., 1931, A, 131 , 489; 1934, A, 145 , 489; Phil. Mag., 
1934, 17 , 113; C. S. S. Rao, Proc. Roy. Soc., 1935, A, 151 , 167; R. Ananthakrishnan, 
Proc. Indian Acad. 8ci., 1935, A, 2 , 291 ; ibid., 1936, A, 8, 201 ; P. C. Cross, J. Bum- 
ham, aud P. A. Leighton, J. Amer. Chem. Soc., 1937, 59 , 1134. 

1® J. S. Kirby-Smith and L. G. Bonner, J. Chem. Physics, 1939, 7, 880. 

For the general influence of intermolecular fields on Raman frequencies, see 
R. Mecke and O. Vierling, Z. Physik, 1935, 96 , 559; and 91(c). 

81 Z. physikal. Chem., 1941, B, 49 , 145. 

*8 See 39(a), p. 268, 

*8 J. Amer. Chem. Soc., 1936, 58, I486. 

8* J. Chem. Physics, 1939, 7, 911. 

88 Ibid., 1943, 11 . 175. 
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Kirkwood’s analysis leads to the following equation for the dielectric 
constant of a liquid (e) 


(e _ l)(2e +1) 47TNr , 

9i • = "fL* + 


SleTJ 


where V ~ molar volume of the liquid, a optical polarisability, ii ™ mole- 
cular dipole moment in the liquid. The factor g is the term essential to 
the interpretation of the associated ”, i.e., thermodynamically abnormal, 
liquids : 

g = [I + z(cos y)Av.] 

where z = the average number of neighbours beyond which the dielectric 
constant applicable to a given molecule is effectively equal to the macro- 
scopic value for the medium, i.e., the number of neighbours of a given 
molecule for which appreciable correlation of orientation exists ; and 
(cos )/)at. is the average value of the cosine of the angle between the given 
dipole and one of these neighbours. The divergence of g fronl unity measures 
the influence of a molecule on the free rotation of its neighbours : it has 
thus been proffered as an appropriate measure, on the structural side, for 
the abnormality of a liquid. However, it depends both on the number of 
neighbours and on their relative orientations : a fixed antiparallel associ- 
ation of two dipoles gives g = 0, whilst parallel dimers correspond to g == 2, 
As is well known, g. the dipole moment in the liquid differs from the value 
for the gas owing to the induction of an additional moment by the dipole 
field of the neighbours. This may be expressed as 

r, 2olz cos^iOq 


where r is the distance and 0 the angle between neighbours. The vahies 
of z are determined experimentally from the area under the appropriate 
peaks in the radial distribution function found for the liquid from its X-ray 
diffraction. Using the experimental values of z and r obtained by that 
means, Oster and Kirkwood, assuming that only neighbours in the first 
co-ordination shell contributed to z, obtained the following values for liquid 
water = 1*81 d.) : 


Temp. 0°. 25°. 62°. 83°. 

e (calc.) 84-2 78-2 72-5 67-5 

e (obs.) 88-0 78-5 66-1 59-9 


Somewhat poorer agreement was attained (^^15%) for the alcohols from 
similar experimental data : it was assumed that the values z = 2 (see 
p. 13) in these cases indicated association into chains and that there was 
no correlation of orientation between the chains. This last assumption was 
almost certainly the main source of the divergences found.^® 

6. Oster ^7 has used the same equations to give a quantitative account 
of the dielectric constants of dilute aqueous solutions in a large number 

•• R. H. Cole, J, Chem, Phgsios, 1941, 9, 261. 

J. Amer. Chem. Soc., 1946* 68^ 2039. 
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of cases where hydrogen bonds ’’ with the solvent are certain to occur. 
It has been found experimentally that the dielectric constants of such 
solutions vary linearly (having slope S) with concentration : 

Solute. MeOH. EtOH. n-PrOH. Bu^OH. COMe^. Et^O. CeHgN. 

-S (calc.) ... 1-79 3 11 4-22 6-26 4 13 7-6 6-4 5-3 

-8(ol)s.)... 1-4 2-6 4-0 6-3 3*2 7 1 7 0 4-2 

The agreement is only that of a first approximation, but it suggests that 
with further refinement this purely electrostatic treatment would give a 
satisfactory quantitative account of the observations. 

Extensive measurements of dielectric polarisation in relation to the 
association of alcohols and carboxylic acids have been made over a number 
of years by K. L. Wolf and his collaborators. These have been summarised 
in part.28 The treatment of the data collected has almost invariably been 
of a descriptive nature — in terms of the varying degrees of solute associ- 
ation — a process sometimes involving arbitrary assumptions as to the 
polarity of the associated molecules. However, the results, in conjunction 
with the parallel measurements of heats of dilution,^® probably suffice to 
establish the different classes of molecular association involving hydrogen 
bonds.^® The first group of solutes includes those such as the higher fatty 
acids in benzene and -butyl alcohol in c^cZohexane for which there is 
equilibrium between monomer and only one associated species, usually the 
dimer. The second group is that for which a definite limited number of 
associated species can be recognised. It is of some general interest that 
the lower fatty acids are included here on the basis of evidence suggesting 
association beyond the dimer stage.®^ The third group is of molecules 
giving rise to a whole series of increasingly complex associates, the equil- 
ibrium constants for the successive stages often being of approximately 
the same value. Phenols and n-alcohols belong to this last class. Kempter 
and Mecke’s quantitative analysis of phenol association in carbon tetra- 
chloride suggests that in 6M-solution 25% of the solute is present as aggre- 
gates of ten or more molecules. Wolf, Dunken, and Merkel give similar 
data for ethyl alcohol in ct/ctohexane. H. Harms has emphasised that 
the character of the association complex can change with solvent. The 
lower alcohols give complexes in benzene of enhanced polarity (possibly 
parallel dipoles) : in cycZohexane the polarity is reduced on association (as 
for antiparallel dipoles). It is suggested that this variation results from 
the different small energies of solvent interaction. Calculations indicate 
that the energy difference between parallel and antiparallel association of 
the O^H dipoles may not be large. 

H. Dunken, K. Judenberg, and K. L. Wolf, Z. physikah Chem., 1941, B, 49, 43; 
and further references there. 

*» Summary ; K. L. Wolf, H. Dunken, and K. Merkel, ibid,, 1940, B, 46 , 287. 

See also, e.g., C. R. Bury and H. O. Jenkins, J., 1934, 688. 

See also F. H. MacDougall, ref. (12). 

»* Z, phyaikal, Chem,, 1930, B, 43 , 267. 
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Considerations of this nature are also advocated by Hiickel,^^ Benzyl 
alcohol in various solvents shows a concentration change of molecular 
polarisation which is markedly influenced by temperature ; and the different 
behaviour of primary and secondary alcohols — especially when the hydroxyl 
group in the latter is sterically protected — is interpreted along the above lines. 
A more general treatment of the association j)rocess in terms of “ swarm- 
formation ” has been developed by A. Hartmann. Amongst a number 
of dipole measurements in the gas phase those for o-chlorophenol are best 
interpreted on the basis of an equilibrium between the cis- and ^m7it9-form8, 
with an energy difference between the isomers of 1200 500 cals, per g.-mol. 

The uncertainty in the energy value derived in this way arises principally 
from the possible error in the dipole moment ascribed to the a^-isomer. 

Recently, Rodebush and his co-workers have contributed to polarisation 
studies of solutes forming hydrogen bonds. The first paper emphasises 
the limitations of the Debye-Clausius-Mosotti treatment of dilute solutions. 
The earlier qualitative interpretations of “ abnormalities ’’ in dielectric 
polarisation results must certainly be reviewed in the light of these limit- 
ations which are now well established and beyond which the Onsager- 
Kirkwood relations (amongst others) are a distinct advance. A second 
paper deals with the alcohols in carbon tetrachloride solutions, but 
although the results extend to mole-fractions M)*005 and cover the tem- 
perature range ■— 10° to + 50°, they do not allow of an unequivocal inter- 
pretation being advanced. A special mechanism suggested to account for 
the different dielectric behaviour of phenol solutions is not convincing.^® 
An especially careful dielectric study of the carboxylic acids in organic 
solvents has been published by Hobbs, Gross, and their co-workers.®® The 
measurements cover the solute mole-fraction range 10“® to 10~®, over which 
the monomer :^=±: dimer equilibrium shifts from one side to the other. 
Evaluation of the parameters by a process of successive approximations 
allows of the data being quantitatively reproduced in terms of the equil- 
ibrium constant and the apparent moments of the monomer and dimer 
molecules in solution. These ‘‘ apparent moments ” are in sensible agree- 
ment with the gas values. The most significant item is the molar polaris- 
ation of the dimer; this is some 16 — 25 c.c. larger than would be expected 
for the symmetrical dimer structure — i.e,, it corresponds to a moment for 
the dimer of about 1*0 d. The results for substituted benzoic acids — in 
particular for p-fluorobenzoic acid — ^make it clear, however, that the dimer 
has a symmetrical dipole structure and the “ apparent moment of the latter 

W. Hiickel and I. Schneider, Z.physikal. Chem., 1940, J5, 47, 227 ; W. Hiickel and 
U. Wenzke, ibid., 1942, B, 61, 144. 

Ibid., 1942, B, 61, 309; 1942, B, 63, 37, 49, 64. 

86 R. Linke, ibid., 1940, B, 46, 261. 

86 W. H. Rodebush and C. R. Eddy, J. Chem, Physics, 1940, 8, 424. 

8^ W. H. Rodebush, C. R. Eddy, and L. D. Eubank, ibid., p. 889. 

88 W. H. Rodebush and C. Kretschmer, ibid., 1941, 9, 284. 

88 H. A. Pohl, M. E. Hobbs, and P. M. Gross, ibid., p. 408; A. A. Maryott, M. E. 
Hobbs, and P. M. Gross, ihid., p. 416. 
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is taken to indicate an atomic polarisation of about 20 c.c. This agrees 
with the earlier conclusion of I. E. Coop, N. R. Davidson, and L. E. Sutton 
based on formic acid vapour measurements. In view of the probable 
association beyond the dimer in the case of some carboxylic acids the 
presence of additional species should be considered as a possible source 
of the large atomic polarisation now allotted to the dimer. 

The difficulties encountered by ascribing “ hydrogen bonding ’’ to 
electrostatic effects are well known. The weak association of esters, ethers, 
and alkyl amides despite the presence in their structures of dipoles com- 
parable with the hydroxyl, and the great difference in the water solubilities 
of propyl chloride and propyl alcohol are typical of the facts which have 
been deemed to require a special mechanism in the “hydrogen bond”. 
Only quantitative evaluation of the permissible interaction energies in 
individual cases can decide this point, but it is immediately clear that in 
the first instances mentioned the dipoles are frequently “ buried ” within 
the molecules and may well be ineffective through a form of steric hindrance. 
As would be expected on these grounds, steric factors can greatly diminish 
“ hydrogen bonding ” : this is even true of the solid state where, given 
suitable steric protection, the hydroxyl group remains essentially “ free 
Thus the unique features about a dipole involving a hydrogen atom arise 
from the univalency of the latter and its small size. Both factors con- 
tribute in an important way to its behaviour. It has often been emphasised 
that the concentration of effective charge will be much greater on the hydrogen 
than on any other member of a comparable dipole. The result may be 
roughly illustrated by a comparison of the attractive fields for the C~ Cl and 
0“H dipoles, both of them being taken to be of moment 1-5 d. In the 
absence of any special interaction, an adjacent molecule would approach 
(in the line of the dipole) to the limit set by the “ van der Waals radius 
of the chlorine and hydrogen respectively, z.c., to 1-8 and 1*2 a. from the 
corresponding atomic centres. these positions the net electrostatic 
dipole field (Le/r^) for the two cases are in the ratio 0-20 : 0*75, ^.e., the 
hydroxyl dipole has approximately four times the effective strength of the 
C“CL Such considerations might well account for the differences between 
propyl chloride and propyl alcohol. 

Miscellaneous Studies , — Only a bare mention can be made of some 
further physical studies of hydrogen bonds. The bulk of thermochemical 
data is not sufficiently precise to detect the small changes that may arise 
from the weaker forms of hydrogen bonds.^® The relation of diamagnetic 
susceptibility and hydrogen bonding has been examined,^ and polaro- 

J. Chem, Physics, 1938, 6, 905. 

See, e.gr., A. E. Alexander, Proc. Roy. Soc., 1942, A, 179 , 470; also Hiickel and 
Schneider, ref. (33). 

** The data used are taken from L. Pauling, op. cU. (39a). 

A. Sherman, J. Physical Chem., 1937, 41 , 117. 

** W. R. Angus and W. K. HiU, Trans. Faraday Soc., 1940, 86, 923; H. S. Venka- 
taramiah, Chem. Abs., 1942, 86, 6385; F. v. Bautenfeld and E. Streurer, Z, physikal. 
Chem., 1941, B, 61 , 89. 
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graphic studies have been made.^® A systematic account of the con- 
tribution of hydrogen bonds to the stability of condensed monolayers has 
been given. 

Conclusions, — The present review appears to indicate sensibly con- 
sistent progress in our understanding of the hydrogen bond. Viewed as 
an example of molecular (or group) interaction, the principal energy item 
is of an electrostatic nature, the contributions of resonance effects in this 
direction being usually small, if not entirely negligible. As early as 1933, 
G. Briegleb had indicated that hydrogen bonds were found in cases 
where, for the items that could be estimated, dipole forces were the pre- 
dominant attractive term at the equilibrium distance of approach. How- 
ever, in questions of structural isomerism ^ resonance may yet play an 
important role. Thus, Ketelaar’s estimate being accepted of the ground 
level stabilisation in (F~H . . . F)“, i.e., J Av ^10 cm.-^ (which should, of 
course, give rise to a strong absorption at X -^0-5 mm.), this small value 
means a hydrogen oscillation between the fluorines of frequency in the 
region of 6 x 10^^ per sec. Thus, even very much smaller resonance 
energy terms (giving a proportionately reduced value for this frequency) 
would still provide an oscillation far too rapid to allow of separating what 
might be isomeric molecules. 

Only in a very broad sense is the phenomenon of “ hydrogen bonding 
dependent upon the same factors as control the generality of chemical 
bonds : it clearly has more in common with the forces present in “ van der 
Waals molecules ’’ than with any other type. In this respect the term 
“ hydrogen bond ” is an unfortunate one, the more so if it is taken to 
suggest the operation of special factors nowhere, or rarely, found in its 
absence. The name “ hydrogen bridge ” favoured by Huggins,^ and 
frequently used in the American literature, has much to commend it. The 
frequency shifts recorded in the infra-red show clearly that the covalent 
bond to the hydrogen is extended only by a matter of some few per cent, 
in the interaction. This leads to a corresponding increase in the X-H bond 
moment ; alternatively, the change may be regarded as an increase in the 
ionic character of the bond. The change in this direction is further indicated 
by the enhanced intensity of the infra-red absorptions on hydrogen bonding. 
However, the evidence seems quite definite that the X-H bond is not greatly 
disturbed. The success of the calculations accounting for the bond energies 
and the dielectric properties in terms of the normal dipole values, etc., whilst 
not complete, is sufficiently good to leave no room for uncertainty as to the 
principal factors controlling the phenomenon. 

On the basis of theoretical ideas that still remain valid Bernal and Megaw 
used the terms “ hydrogen bond ” and hydroxyl bond ” to distinguish what 

« M. J. Astle and AV. V, M. Connell, J, Amer, Chem. Soc„ 1943, 65, 35; M. 
J. Astle and W. F. Croper, ibid,, p. 2395; M. J. Astle and S. P. Stephenson, ibid,, 
p. 2399. 

A. E. Alexander, ref, (41) ; Proo, Boy, Soc., 1942, A, 179, 486. 
ph^ikdl, Chem,, 1933, B, 23, 105, 
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would be the extreme types in a continuous range of interactions. The 
practical criteria suggested for recognising the former (the symmetrical 
location, or mobility, of the hydrogen, e.g., in KH2PO4, and disappearance 
of the infra-red absorption) lead to the conclusion that no true ‘‘ hydrogen 
bond ” is at present known. To the Reporter it appears that little of 
established physical fact is indicated by the retention of the dual classi- 
fication. It may be, however, that in some few ionic solids the forces 
normally controlling the interaction assume an extreme form and are there 
associated with novel co-operative phenomena. 

M. D. 

2. The Molecular Weight and Dimensions of Macromolecules 

IN Solution. 

The construction and use of the first ultracentrifuge by Svedberg and his 
collaborators in 1925 gave a great stimulus to the precise investigation of 
colloidal systems, and the subsequent years have seen a rapid development 
in our knowledge of particle weight and dimensions in such systems. In 
addition to the techniques involving the ultracentrifuge, other new methods 
have been evolved and existing ones improved and extended. Here we are 
concerned, first, with reviewing the available methods (Part I), and secondly 
with discussing their application in representative systems of macromolecules 
(Part II). 

Part I. Experimental Methods, 

It is convenient to subdivide the experimental methods to be described 
here into : (1) the thermodynamic or equilibrium methods ; (2) the dynamic 
methods ; (3) miscellaneous methods (including optical, X-ray, and analytical 
methods). 

In the first group, the physical measurements, upon which the calculations 
of molecular weight are based, refer to a system in equilibrium whose pro- 
perties may therefore be described in terms of thermodynamics. This 
thermodynamic basis constitutes one of the important properties of the group 
of methods ; at the same time, however, it imposes limitations both in the 
use of experimental data to derive molecular weight and in obtaining further 
information on molecular size. The nature of these limitations will shortly 
become clear. 

The second group, the dynamic methods, possesses no thermod3mamic 
basis, being concerned not with equilibrium states but chiefly with the rate 
at which certain types of motion are executed by colloidal particles or macro- 
molecules. Fundamentally these methods are not so sound as the thermo- 
dynamic ones, but they do ojBfer the possibility of obtaining, not only mole- 
cular weight, but also certain information on molecular shape and dimensions. 

In the third group we consider the methods based upon the diffraction of 
X-rays, the scattering of visible light and certain analytical methods which 
have proved useful. 

Difficulties and uncertainties have been and still are encountered in the 
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use of these methods and it is essential, especially in the earlier stages, that 
each should, wherever possible, be checked against others, preferably of a 
different group. By such coimter-checking a body of sound information 
on maoromolecular systems, with which we shall be concerned in Part II of 
this Report, is developing. 

(1) The Thermodynamic or Equilibrium Methods. — Osmotic 'pressure. 
Of ihe colligative methods, which are so largely used in investigating low- 
molecular- weight substances in solution, only that of osmotic pressure has, so 
far, been widely used for determining the molecular weights of macromolecules, 
the others being experimentally too insensitive and prone to excessive inter- 
ference by low-molecular- weight impurities. The osmotic method, in spite 
of its extra sensitivity, is not sensitive enough for determining the highest 
polymer molecular weights ; nor is it always possible to avoid the osmotic 
effects of low-molecular- weight impurities, though these may be allowed for. 

The basic equation of osmotic pressure, derived thermodynamically, may 
be written : 


RT 


Pi 


( 1 ) 


where tc is the osmotic pressure, the partial molar volume of the solvent, 
and p\ and p^ the solvent vapour pressure over pure solvent and solution, 
respectively. This equation is universally valid over the whole concentra- 
tion range. Other equations, and especially that of van't Hoff, viz.y 


n = cRTJM 


( 2 ) 


where c is the concentration in g. /litre of solute of molecular weight If, have 
a much more limited application. To derive (2) from (1) it is necessary to 
assume (i) that the solution is very dilute and (ii) that Raoult’s law is obeyed. 
For low-molecular-weight solutes in dilute solution (<3%), Raoult’s law 
holds in general, but for solutions of macromolecules at comparable concen- 
tration, serious deviations from the ideal behaviour expressed by the law are 
encountered. In the case of the linear chain-like polymers, these deviations, 
which are particularly serious, are largely due to the abnormally high entropy 
of mixing of the polymer and solvent. It has been calculated ^ on this basis 
by statistical methods that the osmotic pressure-concentration relation 
should be of the type 

7r/c == RTIM + Kc (3) 

K being a constant depending upon the particular polymer-solvent system. 
If an equation of this form, for which experiment has provided considerable 
evidence (see p. 57), be accepted, then in place of the simpler expression for 
molecular weight derived from the van’t Hoff law {M = cRTIn), we have 

if = BT Lt. c/ir (4) 

Usually, experimental measurements of osmotic pressure are utilised as a 
plot of njc against c, the intercept on the n/c axis giving Lt. w/o and the slope 

c— ^ 0 

1 G. Gee, Ann. Beports, 1M2, 89, 7. 
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of the curve the value of K, a measure of the deviations from ideal behaviour. 
Clearly, the accurate determination of molecular weights depends upon the 
accuracy of the extrapolation yielding Lt.ir/c, and therefore upon the use of 
low concentration measurements and the choice, where possible, of systems 
for which K is zero or small. In certain types of system (c.gr., linear polymers 
in good solvents) high values of K cannot be avoided ; the efforts of recent 
years to reduce experimental error and to increase the accuracy of low con- 
centration measurements are therefore of great importance in such systems. 
In other systems (e.g., corpuscular proteins) the difficulties of extrapolation 
may not be so great but osmotic pressure readings at low solute concentration 
(1% and less) are still essential. 

In the experimental measurement of osmotic pressure, different techniques 
have been developed appro])riate to aqueous and organic solvents. In 
the simplest and most frequently used osmometer for aqueous solutions, based 
upon that of G. S. Adair, ^ the solution is contained in a thimble -shaped mem- 
brane of cellulose nitrate, mounted securely u})on the c«apillary observation 
tube and immersed in the solvent medium. The use of capillary tubing for 
observing osmotic pressure-heads makes possible the more rapid attainment 
of equilibrium, but also necessitates a correction, of rather uncertain magni- 
tude, for the capillary rise. Other workers ® have attempted to avoid 
this difficulty by suitable osmometer design ; the use of an organic solvent 
(usually toluene) with its smaller and more reproducible capillary rise, by the 
last three workers, deserves mention in this respect. Some of the osmometers 
suggested require the use of rather large volumes of liquid and are therefore 
extremely sensitive to temperature change : it is doubtful in such cases if 
improved results are obtained. Further developments in this field are, how- 
ever, to be expected. 

In the case of charged polymer solutions, containing other diffusible ions, 
Donnan effects are eliminated where possible by the use of suitably large salt 
concentrations, or are allowed for by the calculation of ion pressure differences 
from measurements of membrane potentials."^ 

Measurements of osmotic pressure in organic solvents differ from those in 
aqueous solvents in the reduced magnitude of capillary corrections and in the 
usual absence of Donnan effects. Deviations from ideal behaviour, which 
as we have seen are very serious in the case of linear polymers, may, however, 
more than compensate for such simplifications. Special forms of osmometer, 
usually constructed in non-corrosive metal, utilising large membrane areas 
and small liquid volumes, and allowing rapid equilibration, have therefore 
beeil constructed; ® the osmotic head, observed as the difference in the 
liquid levels in the two identical pieces of precision capillary tubing, being 

* G. S. Adair, Proc, Eoy. Soc,, 1926, A, 108, 627. 

* H. B. Oakley, Trans. Faraday Soc., 1936, 31, 136. 

^ J. Bourdillon, J. Biol. Chem., 1939, 120, 63. 

* H. B. Bull, “ Physical Biochemistry * **, Wiley, 1943, p. 300. 

® G. S. Adair, private communication. ’ Idem, Proc. Boy. Soc., 1929, A, 126, 16. 

* See, e.g., R. M. Fuoss and t>. j. Mead, J. Physical Olma., 1943, 47, 69. 
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reached in a time usually less than one hour. To achieve such rapid equili- 
bration even with large membrane areas, specially permeable membranes of 
partly denitrated cellulose nitrate ® or bacterial cellulose secretion ® have been 
used. More rapid estimates of the final equilibrium osmotic head may also 
be made by the so-called ‘‘ dynamic ’’ method in which the rate of movement 
of the meniscus on the solvent side of the cell (with constant solution height) 
is plotted as a function of the meniscus position, and extrapolated to zero 
rate. This method of observing osmotic pressures, which clearly retains its 
thermodynamic basis, is not to be confused with the group of dynamic 
methods which, as wo have indicated, possess no such basis. 

Two recent developments are to be reported : (i) the construction of the 
osmotic balance; (ii) the use of light scattering measurements. In the 
osmotic balance liquid flow through a membrane is followed by weighing 
on an anal 3 rtical balance rather than by measurement of the height of a liquid 
column. Clearly, the method has considerable possibilities, but there are 
severe experimental requirements (especially the rigid temperature control 
of the balance for long periods) and though very low concentration measure- 
ments of osmotic pressure have been reported, it is yet too early to decide 
whether the method is superior to the best forms of the normal osmometer. 

The light scattered by a solution in excess of that scattered from the pure 
solvent is due to the concentration fluctuations occurring in the solution, and 
since the extent of such fluctuations is clearly dependent on the free-energy 
changes involved, a connection between light scattering and the thermo- 
dynamic properties of a solution is involved. 

Following von Smoluckowski and Einstein, and assuming an osmotic 
pressure concentration relation of the type of equation (3), the following 
equation connecting the turbidity t (or fractional decrease, due to scattering, 
in the incident intensity on traversing 1 cm. of solution) and molecular weight 
was obtained : n. ^2 

327rV(0n/3c)^ c jj c 1 2Kc . 

'Wn t~m rt ' • • • 

where n is the refractive index of the solution, X is the wave-length of the 
incident light, and N is Avogadro's number. R. S. Stein and P. Doty 
have already reported the use of this equation in determining the molecular 
weight of certain cellulose acetate fractions. 

Other aspects of light-scattering measurements will be discussed under 
group (3) methods. 

Although higher accuracy has been claimed, in general, osmotic pressure 
heads are accurate only to ca, i 0*05 cm. The osmotic pressure of a 1 % 

• H. W. Melville, C. R, Masson, J. Cruicksliank, and R. F. Menzies, Nature, 1946, 

167. 74. 

I. Jullander, Arhiv Kemi, Min. Qeol,, 1946, 21A, No. 8. 

P. Debye, J. Appl. Physics, 1944, 16. 338. 

P. Doty, B. H. Zimm, and H. Mark, J» Chem* Physics, 1945, 13. 159. 

J. Amer. Ohem. 8oc., 1946. 08. 169. 
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solution of a macromolecular substance of molecular weight 70,000 being 
taken to be 3 cm. of water, the error involved in measuring this head is there- 
fore 1*6%. If lower concentrations of solute are necessitated by high 
deviations, or where the solute is of higher molecular weight, pressure observ- 
ations and the molecular-weight calculations resulting are correspondingly 
less accurate. 

Clearly, the osmotic pressure method alone can give no information on 
polydispersity, the mean molecular weight obtained in such systems being a 
number average (if,v) defined by 

— Y.niMijY.ni ( 6 ) 


where ni is the number of molecules of molecular weight Mi. It should be 
noted that turbidity measurements differ in that they yield the weight 
average defined by 

^ (7) 


Sedimentation Equilibrium . — The fall-off in the density of the earth’s 
atmosphere with height, and the concentration distribution in colloidal solu- 
tions used by Perrin to determine Avogadro’s number, are well-known 
examples of the influence of the earth’s gravitational field. In the sediment- 
ation equilibrium method of determining molecular weight, a centrifugal field 
(:::: 10,000 g.) takes the place of gravity, and the concentration distribution 
set up in a colloidal solution may be used to calculate the particle or molecular 
weight of the colloidal solute. The solution, in a cell with transparent 
windows, is spun without vibration at high speeds (:^ 15,000 r.p.m.) until 
equilibrium is set up, the concentration distribution being examined optically 
during this process. 

At equilibrium, the system may be treated thermodynamically, and for 
ideal behaviour it may be shown that 


(1 - Fp)o>2(X2 - X,) ■ 


( 8 ) 


where and Cg are the solute concentrations at distances and from the 
axis of rotation, F is the partial specific volume of the solute, p the density 
of the solution, and co the angular velocity of rotation. The same equation 
may also be obtained by the kinetic method of equating at any point in tlie 
cell the flow of solute in the direction of the centrifugal field with the 
opposing flow due to diffusion (see pp. 38, 43). 

Equation (8) being, however, dependent on ideal behaviour holds only 
under conditions for which other thermodynamic phenomena (e.g.y osmotic 
pressure) behave ideally. For low-molecular-weight solutes, or high-poly- 
meric substances of nearly spherical molecular shape, it is therefore valid at 
low concentrations (::;1%). Under other conditions, the deviations from 
ideal behaviour must be considered quantitatively, and this may be done by 


T. Svedberg and K. O. Pedersen, “The Ultracentrifuge”, Oxford, 1940; see 
also symposium on the ultretoentrifuge, Ann, N, Y, Acad, Sci.^ 1942, 48 , 176. 

See, e,g., E. A. Guggenheim, “ Modem Thermodynamics ”, Methuen, 1933, p. 163. 
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either the thermodynamic or the kinetic method. By the first method, the 
concentrations Cj and Cg arc to be replaced by activities, Cj/j and and the 
determination of molecular weights depends therefore on a knowledge of the 
activity coefficient (/) throughout the cell. This method has not yet been 
employed. In the second method, the effect of increasing concentration on 
the involved processes of sedimentation and diffusion is considered, when a 
modified expression is obtained in place of equation (8). N. Gralen/® assum- 
ing the sedimentation constant (s) and diffusion coefficient {!)) to vary with 
concentration according to the expressions 

S ^ sj(l + kc) (9) 

and D = i)o(l + k^c) (10) 

where k and are constants, and ,5^ and are the values of s and D at zero 
concentration, obtained the sedimentation equilibriuih expression 

n/r _ 2R7'lln (Cg/c,) + {k ~1 ki)(c^ — c,) 1 \kk^(c^ - Cj^)] 

(I - -- .V) ' ^ ^ ^ 

Clearly, where sedimentation constant and diffusion coefficient are inde- 
pendent of concentration, equation (11) reduces to the ideal expression. An 
example of the use of this corrected equation will be given in Part II. 

Table I contains the sedimentation-equilibrium results for monodisperse 
carboxyhsemoglobin in an aqueous buffer medium ; and are given in 
cm., and and Cg in g./lOO c.c. With increasing distance from the axis of 
rotation, the concentration of solute, whose density is greater than that of 
the solvent, increases continuously. Deviations from ideal behaviour are 
therefore expected to be more pronounced at the higher x values ; the reduced 
molecular- weight values characteristic of such deviations are not, however, 
prominent in Table I, but the deviations are shown very prominently for the 

Table I. 

Sedimentation equilibrium of carhoxyhmnoglohin. 

(From T. Svedberg and R. Fahraous.^’) 


Initial solute eonen. — 10 g. per 100 e.c,; V — 0-749; T — 293-3° k.; speed — 
8708 r.p.m.; time of centrifuging 39 hours. 


x^. 

a:,. 

Ca. 

c,. 

M, 

3^2. 

X,, 

C2- 

Cj, 

M. 

4-61 

4-56 

1-220 

1-061 

71,300 

4-36 

4-31 

0-639 

0-564 

60,990 

4-56 

4-51 

1061 

0-930 

67.670 

4-31 

4-26 

0-564 

0-496 

76,570 

4-51 

4-46 

0-930 

0-832 

58,330 

4-26 

4-21 

0-496 

0-437 

69,420 

4-46 

4-41 

0-832 

0-732 

67,220 

4-21 

4-16 

0-437 

0-388 

66,400 

4-41 

4-36 

0-732 

0-639 

72,950 







linear polymer, cellulose nitrate in amyl acetate, for which sedimentation 
equilibrium results are shown later in Table V. 

For a dilute system containing two or more types of corpuscular macro- 
molecule (i.e., a paucidisperse system), each type may be considered to reach 

“ Sedimentation and Diffusion Measurements on Cellulose and Cellulose Deriv- 
atives ”, Diss., Uppsala, 1944, p. 76. 

J, Amer. Chem. Soc,, 1926, 48 , 430. 
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an equilibrium-concentration distribution independently, the higher-mole- 
cular-weight molecules being relatively more concentrated (for Psohi'te > 
Psoivent) Q-t the higher x values. The calculated molecular weights therefore 
increase with increasing x values (a drift opposite to that arising from imper- 
fect behaviour) as is shown by Table II for unelectrodialysed egg-white. 

Table II. 

Sedimentation equilibrium of unelectrodialysed egg albumin. 

(From T. Svodborg and J. B. Niohols.^*^) 

Initial Bolute concn. — 0-78 g. i)or 100 c.c. ; V — 0-749; T — 288° K. ; Speed — 
10,550 r.p.m. 

0*2. Cg. Cj. M. 

4-680 4-630 1-0455 0-9149 45,300 

4-630 4-581 0-9149 0-8077 42,750 

4-581 4-531 0-8077 0-7128 43,300 

4-531 4-482 0-7128 0-6386 38, .500 

4-482 4-432 0-6386 0-5754 36,950 

4-432 4-382 0-5754 0-5196 36,550 

4-382 4-333 0-5196 0-4708 3.5,700 

4-333 4-283 0-4708 0-4277 35,200 

4-283 4-233 0-4277 0-3890 3.5,150 

Some knowledge of the com}>osition of the system may be obtained from such 
a variation in calculated molecular weight with x values, but the total con- 
centration distribution is not very sensitive to small amounts of material and 
the information obtained is only of a qualitative character : especially so 
where imperfect behaviour is also present. It will later be shown that the 
sedimentation -velocity method gives much more clear-cut information for 
paucidisperse systems. 

It should be noted that the molecular weight calculated at any x value of 
the cell is not any well-defined mean value, but if this is integrated over the 
cell, the value obtained may be either a weight average [equation (7)J, or a 
s ” average value defined by 

M,:=^^niMi^lZniMi^ (12) 

according to the method of calculating the results. 

The high-molecular-weight limit of the method is set by slowness in 
establishing equilibrium for very high-molecular-weight solutes, the time 
required being inversely proportional to the diffusion coefficient of the solute. 
However, the method has been successfully employed for the almost spherical 
protein of bushy stunt virus of molecular weight 7-6 x 10®. For as3m- 
metric polymers the limits are, however, much lower, as is indicated by 
Table V ; and a liigh-molecular-weight limit considerably less than 100,000 
for quantitative values would appear not unreasonable. By use of a very 
high-speed ultracentrifuge the method has been successfully employed to 
study sediment^ition equilibrium in low-molecular-weight (e.gr., NaCl, LiCl) 
electrolyte solutions.^® 

J. Amer. Chem. 8oc., 1926, 48 , 3081. 

A. S. MoFarlane and R. A. Kekwiok, BiocJiem. J., 1938, 38, 1607. 

K. O. Pedersen, Nature, 1935, 186 , 804. 
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Summarising, we may say that the equilibrium methods provide useful 
means of determining molecular weights, the osmotic method being especially 
suitable for the lower-molecular- weight polymers (M < 200,000) and the 
sedimentation equilibrium method for those of higher molecular weight, 
provided they are not too asymmetric in shape. In neither method is any 
information regarding molecular shape directly obtained, and this constitutes 
one of the disadvantages of the methods. The dynamic methods, which we 
shall now consider, are, however, more helpful in this respect. 

(2) The Dynamic Methods . — As already indicated, the dynamic methods 
are concerned with the rate at which the dissolved molecules perform certain 
types of motion under the influence of applied forces of the appropriate kind. 
For given applied forces, the observed rates depend not only upon molecular 
weight (or volume) but also upon molecular shape. The methods therefore 
give some direct information on molecular shape, usually in the form of a 
frictional constant for the solute molecules, which is defined by an equation 
of the general form 

Force (or couple) per molecule — Frictional constant x velocity . (13) 

Experimental observation of the rate of a molecular process under a given 
applied force may therefore be used to determine the appropriate frictional 
constant. If the polymer molecules may be treated as spheres, ellipsoids, or 
other idealised forms, then the frictional constant may be expressed in terms 
of the molecular dimensions ; knowledge of the frictional constant may there- 
fore allow an evaluation of molecular dimensions. In such a procedure con- 
siderable difficulties of both a theoretical and a practical nature occur, some 
of which will be mentioned later. Here we mention one only, in view of its 
general nature, arising from the complex molecular configuration of certain 
substances. Quantitative information on molecular dimensions can as yet 
only be derived if the polymer may be treated on the basis of a regular, simple 
geometrical shape. For some molecules {e.g., the corpuscular proteins), this 
assumption may be a justifiable approximation. For others {e.g., flexible 
linear polymers), it is of doubtful validity, and information on their molecular 
dimensions derived from frictional ratios is therefore correspondingly 
doubtful. 

We shall first consider those methods (translational diffusion, sedimenta- 
tion velocity, electrophoresis) which involve the translational motion of the 
dissolved polymer molecules. In such cases equation (13) becomes 

Force — /. da;/d^ (14) 

where / is the frictional constant per molecule and dxjdt is the translational 
velocity. 

Although the different methods will be described separately, in view of 
the occurrence of the two (and possibly more) unknowns of molecular weight 
and shape, two independent experimental measurements are required in the 
evaluation of these quantities. Data from translational-diffusion and 
sedimentation-velocity measurements are thus very commonly combined, 
but other combinations are used as convenient. 
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Translational dijfusion. When two parts of a system, containing a solute 
at different concentrations, are put into contact, the differences in chemical 
potential occurring over the boundary region give rise to a ‘‘ force ” by which 
solute passes from the higher to the lower concentration region until a uniform 
potential occurs throughout the system. The quantitative treatment of this 
translational diffusion of the solute is based upon Tick’s laws which may bo 
written 

dm — — DA(dcji\x)dd (15) 

where dm is the quantity of solute diffusing in time d^ across an area, .4, at 
which the concentration gradient is dc/drr, D being the diffusion coefficient, 
and 

dcjdt = Did^cjdx^) (16) 

The solution of equation (16), the general differential equation of diffus- 
ion, depends upon the boundary conditions imposed. Putting for t — 0, 


a; > 0, c — 0, 

X < 0, c = Cq, 

Cq being the initial concentration of solute, and assuming, {a) that the diffus- 
ion coefficient is independent of concentration and (h) that the two parts of 
the system extend to infinity in positive and negative directions, the solution 
of equation (16) is given by 



where y — xl2\/Dt, c being the concentration at time ^ at a distance x from 
the original boundary. The differential form of ecpiation (17) may be written 


dc 

da; 


2V7zDt ’ 


-x*im 


. . . (18) 


The geometrical representation of equations (17) and (18) is given in Fig. 1 
(a and h). With increasing values of /, the curve of equation (17) turns about 



Calculated curves of concentration (a) and concentration gradient (b) against distance for 
free diffusion across a boundary: D — 2*6 X 10“^^ e.g.s. units. Time^ t, in secs. 


its point of inflection at a; = 0, the “peak” of equation (18) simultaneously 
decreasing in height and becoming broader at constant area. 
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In the most imiiortant experimental method of measuring diffusion co- 
efficients, a horizontal boundary between solution and solvent (or between 
two solutions of differing concentration) is formed in a vertical tubCj^b 22,23 
and its spreading with time is observed by light-absorption or refractive -index 
methods under conditions in which external disturbances (mechanical and 
thermal) are reduced to a minimum. The optical methods yield curves of 
dc/dx or c against x (usually the former) for different t values, and from these 
curves the diffusion coefficient may be calculated, by one of several methods 
which have been discussed in detail elsewhere. Only in the case of 
monodisperse systems whose diffusion coefficients are independent of concen- 
tration do the different calculations agree : the divergencies in other cases 
are sometimes useful in giving information on polydispersity and diffusion 
coefficient-concentration dependencies . 

Another method of measuring diffusion coefficients, known as the 
“porous-disc method,” must be mentioned. The two fluids (solvent and 
solution or two solutions) are separated by a porous disc, in the pores of which 
a concentration gradient is established, and through which diffusion occurs. 
The liquids on both sides of the disc arc kept homogeneous by various stirring 
devices,'^® and the diffusion is followed by analysis of the liquids. In obtain- 
ing absolute diffusion coefficients, calibration of the porous disc by solutes of 
known diffusion coefficients is necessary, but the difficulties involved have been 
such that it is now doubtful if, in general, the method can be as precise as that 
using a free boundary, though the suggestions of Hartley and Runnicles 
and of Gordon et alP represent a considerable advance on previous views. 
In considering further the experimental side of diffusion we shall concentrate 
chiefly on results from the free- boundary method. 

Equation (18), which is valid only for a monodisperse ideal solute, is repre- 
sented geometrically by a “ Gaussian ” curve which is symmetrical about the 
ordinate at a; = 0 (Fig. lb). For a monodisperse solute in which the diffusion 
coefficient varies with the changing concentration over the boundary region , 
the dc/dx-x curve is no longer symmetrical but is described as “ skew 
The dcjdx-x curve for systems which are not monodisperse is given by the 
sum of the different curves for each different species, which, as we have seen, 
may or may not be symmetrical about the zero ordinate. In any case, how- 
ever, the composite curve will not be of the ideal Gaussian form. Clearly 
therefore, a sensitive test of monodispersity and absence of imperfections is 
the degree of correspondence between experimental dc/dx-x curves and the 
ideal Gaussian curves given by equation (18). Where the experimental and 
ideal curves correspond closely, the diffusion coefficient may be calculated by 

O. Lamm, Nova Acta Reg. Soc. Scient. Upsala, 1937, IV, 10, No. 6. 

22 H. Nourath, Chem. Reviews, 1942, 30 , 367. 

*** S. Claesson, Nature, 1946, 158 , 834. 

C. O. Beckmann and J. L. Rosenberg, Ann. N.Y. Acad. Sci., 1945, 46 , 329. 

M. L. Anson and J. H. Northrop, J. Qen. Physiol., 1929, 12 , 543. 

See, e.g., G. S. Hartley and D. F. Runnicles, Proc. Roy. Soc., 1938, A, 168 , 401 . 

W. A. James, E. A. Hollingshead, and A.R. Gordon, J. Chern. Physics, 1939, 7, 89. 
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any suitable method, all methods giving identical values. If, however, poly- 
dispersity without imperfect behaviour is indicated by experimental curves 
which are symmetrical but nevertheless deviate from the ideal, then the 
different methods of calculation yield different average diffusion coefficients, 
c.j/., the weight average value is obtained by a statistical treatment of the 
curve. Comparison of the different types of average may, however, give a 
very useful indication of the degree of polydispersity. 

Those systems in which diffusion coefficients are not independent of con- 
centration cannot be rigidly treated by the methods already indicated, since 
one of the basic assumptions involved in solving the general differential equa- 
tion of diffusion was the constancy of diffusion coefficients. In such cases 
equation (16) is to be replaced by 


di dx\ dx) 


(19) 


li. Boltzmaim-^ has suggested that where c is a function only y' xjV 
this equation may bo integrated to give the relation 




where 7) is a differential diffusion coefficient corresponding to a definite con- 
centration c rather than an integral value for a range of concentrations whicli 
would be obtained by the application of procedures based upon equation (16) 
to concentration-dependent systems. Equation (20) is the basis of the 
treatment of concentration-dependent sj^stems which will be mentioned again 
in Part II of this review. 

It has been stated that in the experimental determination of diffusion 
coefficients, the absence of boundary disturbances is essential. Such dis- 
turbances cannot, in fact, ever be completely absent, and their occurrence even 
to a small extent probably sets an upper limit to the size of molecule whose 
diffusion coefficient can bo measured. Coefficients less than 10 e.g.s. unit 
have, however, been determined by means of observations extending over 
several days. Clearly, there is no corresponding lower limit to the size of 
particles whoso diffusion may be investigated, though the boundary disturb- 
ances which cannot be avoided on making the boundary may be more 
troublesome here in preventing the observation of the earlier stages of 
diffusion. 

It is readily shown that, at low concentrations, the diffusion coefficient is 
related to the frictional constant by the simple equation : 

D = hTlf=RTIF ( 21 ) 

where F = Nf is the frictional constant per g,-mol. The determination of 
diffusion coefficients at low concentration thus provides a ready means of 
deriving frictional constants. 


Ann. Physik, 1894 , 68 , 969 . 
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For spherical molecules of radius, r, we have, under certain conditions, 
by Stokes’s law 

/ = bTTTjr (22) 

where rj is the viscosity of the solvent. Expressing r in terms of the mole- 
cular weight M and the partial sx)ccific volume F, we obtain 

<-) 

Measurement of the diffusion coefficient and therefore of the frictional con- 
stant for spherical molecules thus allows a direct calculation of the radius of 
the molecules and of their molecular weight. 

For non-spherical molecules, the position is mucli more complicated. 
The frictional constant of an asymmetrical molecule varies with its orient- 
ation, three different constants being required, in the case of a generalised 
ellipsoid, for a complete description of its possible motions.^® For random 
orientation, which usually occurs in translational phenomena, the frictional 
constant has a well-defined intermediate value, diffusion coefficients at low 
concentration yield [by equation (21)] such intermediate frictional constants : 
these cannot, however, be expressed simply in terms of a dimension of the 
molecules, as in the case of spherical molecules ; but if the mdlecules approxi- 
mate to some geometrically simple shape, then jirogress may be made. Thus 
for ellipsoids of rotation, Perrin has made use of the frictional ratio ///q, 
where /q is the hypothetical frictional constant of an unsolvated spherical 
molecule identical in molecular weight and volume with the unknown. Such 
a ratio may be expressed in terms of the ratio of the lengths of the two axes of 
the ellipsoid, whether it bo oblate or prolate. On the basis of Perrin’s equa- 
tions, curves of the frictional ratio against axial ratio have been constructed, 
and if no other factors are involved, then knowledge of the frictional ratio 
immediately gives the axial ratio of the ellipsoid. 

Usually, however, other factors cannot entirely be excluded. For in- 
stance, even in the case of idealised ellipsoidal molecules, appreciable solva- 
tion usually occurs, leading to an increased molecular weight and volume as 
well as to an altered frictional ratio. J. L. Oncley has attempted to allow 
for such solvation effects by writing the frictional ratio as the product of two 
factors : 

///o = (/m/./fo) (24) 

the first denoting the influence of solvation, and the second that of asym- 
metry. Considering solvation as merely increasing the effective radius of a 
spherical molecule, in conformity with Stokes’s law, wo have 

///, = (1 + M>/Fp) (25) 

where w is the weight of solvent strongly bound by 1 g. of solute of partial 
specific volume F. The second factor is given by Perrin’s equations. In the 

F. Perrin, J. P/ti/s. Radium, 1936, 7, 1. 

Ann, N,Y, Acad, Sci., 1941, 41, 121; see also in “Proteins, Amino Acids and 
Peptides by E. J. Cohn and J. T. Edsall, Reinhold, 1943, p. 424. 
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case of proteins in aqueous solutions, Oncley calculated the curves in Fig. 2 
in which the effects of both hydration and asymmetry on the frictional ratio 
are clearly evident. 



Hydration 

Grama of Water per Gram of FVote'tn 


Fio. 2. 


Ejects of hydration and axial ratio on the frictional ratios of proteins. 
{Contour lines denote f/f^ values.) 

(^Reproduced by permission from Annals of the New York Academy of Sciences, 1941, 41 , 121.) 


If the frictional ratio and one of the other variables are known, then the 
third quantity may be determined. Usually, as indicated later, a reasonable 
value of the hydration is assumed, and the axial ratio of the assumed ellip- 
soidal molecule may therefore be calculated. 

Whether this procedure of deriving molecular asymmetry, even with ideal 
experimental data, is quantitatively reliable is not yet known, owing to the 
absence of alternative sources of information. The method of allowing for 
solvation is probably not without objections, but it would seem, at the 
moment, that in view of our lack of precise knowledge of hydration and of 
experimental error in frictional ratios, the use of more complex methods is 
not justified. 

If the molecules do not approximate to ellipsoids but are more complicated, 
it is usual to speak of hydrodynamically equivalent ellipsoids : however, the 
dimensions so calculated may bear little resemblance to the actual dimensions 
of the solute molecule. In any case many polymers {e.g., the flexible linear 
chain-like polymers) have no uniquely defined configuration, and any 
calculated dimensions have only a statistical significance. 

In making use of measured frictional constants, the molecular weight 
must be assumed in obtaining /q. Some methods have already been men- 
tioned, but sedimentation-velocity measurements are most frequently used 
in association with those of diffusion. 

Sedimentation velocity. This method, being concerned with the raie 
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at which polymer molecules or colloidal particles move under the influence of a 
high centrifugal field, possesses no thermodynamic basis, and is not therefore 
to be confused with the method of sedimentation equilibrium. It is clearly 
an extension of the well-known industrial method of investigating particle 
size by the rate of settling under gravity of coarse colloidal suspensions. 

The colloidal solution is contained in a sector-shaped cell, fixed radially in 
the rotor, which is spun at speeds giving centrifugal fields in tlic cell of up to 
500,000 g. Whereas in the sedimentation-equilibrium method the centri- 
fugal field is chosen to give a balance between sedimentation and diffusion in 
which the solute concentration varies over the whole cell, the high fields in 
the velocity method give a sedimentation rate considerably in excess of the 
diffusion rate throughout the cell. As a first approximation, therefore, diffus- 
ion may be neglected, and in sedimentation the whole of the solute molecules 
move with respect to the solvent in the direction of the centrifugal field, 
giving rise to a moving boundary between solvent and solution at which an 
abrupt change in concentration or concentration gradient occurs. Optical 
methods are used to make observations of the concentration or its gradient 
throughout the cell at suitable times during sedimentation, from which is 
derived the sedimentation constant (or rate of sedimentation under unit 
centrifugal field), given by 

s — (dxldt)lw^x (26) 

where x is the distance of the moving boundary from tlie axis of rotation at 
time t. 

Diffusion, which tends to smooth out concentration differences, causes 
spreading of the moving boundary, but, providing this is not excessive, it 
does not prevent the j^bservation of sedimentation constants. In the case of 
monodisperse polymers (in which all solute molecules for a given field move 
with the same velocity), the spreading observed may, in favourable cases, be 
used to calculate approximate diffusion coefficients. However, for systems 
which are not monodisperse, boundary spreading also arises as a result of the 
differing velocities of sedimentation of the different molecular species, and 
clearly diffusion coefficiemts cannot so be obtained. 

Other boundary effects, even in the case of monodisperse solutes, either 
prevent or seriously hinder the determination of diffusion coefficients. 
Especially must we mention the boundary sharpening or blurring which 
arises from the existence of concentration-sensitive sedimentation constants. 

If the different molecular species in a paucidisperse system sediment at 
sufficiently different rates, then the originally single boundary, which spreads 
rapidly at first, may split into several subsidary peaks whose sedimentation 
constants may then be observed. This possibility of measuring sediment- 
ation constants in polymer mixtures, and the analysis of such mixtures in terms 
of the differently sedimenting components, constitutes one of the important 
advantages of the sedimentation-velocity over the sedimentation-equilibrium 
method, which, as was indicated, provides only meagre information on 
polydisperse systems. 
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If the sedimentation constant is to be representative of the individual 
sohite molecule only, then it must clearly be independent of concentration 
effects, or charge effects resulting from the presence of electrolyte. The former 
are removed by measuring sedimentation constants at low concentration and 
extrapolating to zero concentration, and the latter by the addition of sufficient 
electrolyte. The corrected sedimentation constant should then be dependent 
only upon (a) the size and shape of the sedimenting molecule and (b) the 
nature of the solvent medium. Such sedimentation constants only can be 
simply related to the properties of the individual molecule. 

It may readily be shown, by equating the frictional resistance suffered 
by a solute molecule moving at its terminal velocity of sedimentation with the 
centrifugal force acting on it, that the molecular weight and sedimentation 
constant are related by the exj)ression 

M = Fsl(l - Fp) (27) 

If F be known in addition to s, then the molecular weight may be 
calculated. The most frequent source of F is diffusion measurements, and by 
substituting equation (21) we obtain the well-known equation 

31 = JlTslD{l - Fp) (28) 

It is clear that the molecular weight of a polymer may be obtained if, in 
addition to the routine determination of F and p, the sedimentation constant 
and diffusion coefficient at zero concentration are determined. No assump- 
tion as to the shape of the sedimenting molecule is contained in equation 
(28) ; it is assumed, however, that the frictional constants in diffusion and 
sedimentation are identical, which is reasonable in view of the random 
orientation usually common to both processes. ^ 

It should be noted that the molecular weight so calculated refers not to 
the solvated but to the unsolvated molecule, in spite of the fact that the 
sedimenting species is undoubtedly solvated.^^ This result arises from the 
fact that the partial specific volume, as normally determined, refers to the 
unsolvated molecule. Nor does equation (28) yield a well-defined mean 
molecular weight in the case of a polydisperse polymer,^® and the use of well- 
fractionated materials is therefore strongly recommended. 

Having thus determined the molecular weight, the hypothetical frictional 
constant, /q, for the unsolvated spherical molecule may be calculated from 
equation (23), and the frictional ratio obtained. Typical values will be 
quoted in Part II, with the resulting estimates of particle shape. 

With centrifugal fields limited to ca, 500,000 g. there is a definite lower 
limit of particle size which can be investigated by the sedimentation velocity 
method. For proteins, the lower limit in terms of molecular weight is ca. 
10,000. There is no upper limit for the method, providing the frictional 
constants in sedimentation and diffusion can be considered identical. 

Electrophoresis , — Although primarily used to investigate the electrical 

Svedberg and Pederson, op, cit,<, p. 6. 

E. O. Kraemer, in “ The Ultracentrifuge ” (ref. 14), p. 57. 
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charge rather than the size or shape of polymer molecules in solution, useful 
information on the shape of certain protein molecules has been obtained 
recently from electrophoretic measurements.^^* Only the principles of tlie 
method of calculation can be mentioned here. 

Experimental measurements yield electrophoretic mobility directly 
usually as a function of pH. If the molecular weight, as determined by some 
other method, be assumed, and a certain degree of asymmetry be postulated, 
it is then possible to convert the mobility-pH curve into a curve of net charge 
against pH. 

A similar curve can also be determined directly for proteins by a deter- 
mination of acid and base binding capacity as a function of pH, since under 
certain conditions the absorption of ions other than H+ and OH* may be 
neglected, the number of hydrogen or hydroxyl ions bound jier molecule then 
giving the net positive or negative charge.^^ 

The curve thus obtained from acid and base titrations may be compared 
with that derived from electrophoretic measurements, different degrees of 
asymmetry being assumed, and the actual molecular asymmetry being 
accepted as that giving the best agreement with the titration curve. 

Clearly, the method is limited to charged polymer molecjules, and as yet 
has been applied only in a qualitative manner. 

Rotational diffusion. Observations of the rotational motion of polymer 
molecules occurring in opposition to some orientating force may be used to 
investigate molecular size and dimensions. The orientating force is usually 
either (a) a velocity gradient in a liquid, or (6) an alternating electrical 
field,®’ the former method being more suitable for the larger and more 
asymmetrical particles (e.g.j tobacco mosaic virus), whilst the latter, with the 
possibility of fields of very high frequency (up to 10^® — 10'^ cycles per sec.), 
has been used for the almost spherical molecules. 

Consider a system of non-spherical molecules whose orientation is de- 
scribed by means of the angle (^) made by some definite axis in the molecule 
with a fixed direction in space. If ^n molecules j^er unit volume have this 
axis within the directions <f) and (/> A^, then it is possible to speak of a 

distribution function or “ angular concentration ” X(^), defined as Lt. 

An 

Af 

A coefficient of rotational diffusion (0) is then defined [cf. equation (15)] by 

dn == 0(dX/d0)d^ (29) 

where dn is the number of molecules whose axes move through the position 

L. S. Moyer and M. H. Gorin, J. Oen, Physiol., 1941 — 1942, 26, 785. 

** H. A. Abramson, L. S. Moyer, and M. H. GUjrin, “Electrophoresis of Proteins”, 
Keinhold, 1942. 

•* R. K. Cannan, Chem. Reviews, 1942, 80, 396. 

•• See review by J. T. Edsall, “ Advances in Colloid Chemistry ”, Vol, I, Interscience 
Publishers, 1942, p. 269; also in “ Proteins, Amino Acids and Peptides ”, 1943, p. 506. 

J. L. Oncley^ Chem* 1942, 80, 433. 
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(f) to higher values in time d^. The rotational diffusion coefficient is also 
contained in the differential equation [analogous to equation (16)] 

dxjdt = e(d^Xld(l>^) (30) 

with whose solutions we are concerned experimentally. 

As in translational diffusion, 0 may be related to a rotational frictional 
constant 5, by an equation 

0 -- kT/l (31) 

5 being itself defined by the general equation (13). Determination of 0 thus 
gives 5 directly, and again as in the translational case this, for spherical mole- 
cules, gives the molecular radius by the rotational form of Stokes’s law : 

5 =- (32) 

F. Perrin has also expressed the frictional ratio, (= in terms of 

the appropriate ellipsoidal model. If the molecular weight is known in 
addition to 5, calculated, and from it the frictional ratio, which 

may then be used to obtain the axial ratio of the ellipsoidal molecule. Alter- 
natively, may be expressed in terms of the ellipsoid axes and an equation 
of the ty})e 



may be obtained which in this case refers to the rotation of the axis of revolu- 
tion (of length 2a) about the equatorial axis (of length 2h) for an elongated 
ellipsoid of revolution. Since hi 2a jb varies slowly, an approximate value of 
ajb may first be substituted to give a preliminary value of a, which may further 
be refined by inserting more accurate values of a/b. 

Other expressions are available for other modes of rotation and for oblate 
ellipsoids of rotation. As in the translational case, tlie significance of the 
dimensions calculated depends upon the extent to which the actual molecule 
corresponds to the assumed model. One difference, however, is to be noted. 
The results obtained here refer to the solvated molecule or, in other words, to 
the actual kinetic unit as it occurs in solution. It should be recalled that 
molecular weights obtained from sedimentation and diffusion refer to the un- 
solvated molecule because of the use of the unsolvated partial specific volume : 
the frictional constant, even in this case, liowever, refers to the solvated 
molecule. For polydisperse materials, the measured rotational diffusion 
coefficient may vary with the velocity gradient, and as in the previously 
discussed dynamic methods, the use of fractionated materials has great 
advantages. 

Orientation in a velocity gradient. A velocity gradient is usually provided 
in some form of concentric cylinder apparatus, in which one of the cylin- 
ders is rotated smoothly with respect to the other, from which it is separated 
by a narrow annular space containing the polymer solution. The magnitude 

J. Phys. Radium, 1935, 5, 497. 

J. R. Robinson, Proc. Roy. Soc., 1939, A, 170, 519. 

J. T. Edsall et al., Rev, Sci. Instr., 1944, 16, 243. 
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of the velocity gradient (^) is readily calculated from the rate of rotation and 
from the dimensions of the apparatus. 

The velocity gradient causes orientation by swinging the asymmetrical 
particles into the direction of the stream-lines, rotational diffusion opposing 
this process. Orientation is to be regarded as a dynamic process in which the 
direction of maximum orientation is merely that direction through which the 
particles move most slowly, though, at equilibrium, the rate at which particles 
enter this direction is equal to the rate at which they leave it. The degree of 
orientation depends upon the relative magnitudes of the gradient and the 
rotational diffusion coefficient of the particles, and is usually followed by 
means of the streaming birefringence caused by the orientation of anisotropic 
I)articles. Observations on the cross of isocline yield the angle (x) made by 
the direction of maximum orientation with the streamlines in the flowing 
liquid. This angle, which varies from O'’ to 45'’ as O/S (= a) changes from 
infinitely large to infinitely small values, may be used directly to calculate the 
rotational diffusion coefficient (~ G/a) by means of the equations of P. 
Boeder,^' or A. Peterlin and H. A. Stuart, which have been obtained as 
special solutions of the general differential equation (30), and which at low 
values of a reduce to 

X 7r/4 ~ a/12 (34) 

The value of the rotational diffusion coefficient may then be used to derive 
particle dimensions by equation (33) or similar equations, providing it is 
justifiable to treat the particle in terms of a rotational elli})soid or some other 
geometrically simple model. Results so derived will be discussed later. 

The practical difficulties limiting the velocity gradients attainable to 
about ca. 50,000 c.g.s. units clearly set an uj)per limit of ca. 20,000 sec.-^ to 
the diffusion coefficients which can be obtained by this method. For greater 
diffusion coefficients, appreciable orientation cannot thus be obtained ; the 
method employing an alternating electrical field is, however, suitable in such 
cases. 

Orientation in an alternating electrical field. At low frequencies of an 
alternating electrical field (e.gr., 10^ — 10^ cycles per sec.), a dipolar colloidal 
molecule in solution can follow the reversals of the field and can therefore 
make its maximum contribution to the dielectric constant of the solution. 
At very high frequencies {e.g., ca, 10® — 10® cycles per sec.), the period of the 
field is much smaller than the time required for the orientation of such 
dipoles, which do not therefore contribute to the measured dielectric con- 
stant; further, since they displace smaller solvent molecules which would 
achieve orientation within the period of the field, the presence of the colloid 
may result in a lowered dielectric constant at high frequency. At inter- 
mediate frequencies, only a fraction of the dipoles contribute to the dielectric 
constant of the solution, the fraction decreasing continuously from the value 
unity at low frequencies to zero at high frequencies. 

In treating dielectric dispersion quantitatively, it is usual to make use of 

« lhid„ 1939 , 112 , 1 , 129 . 


Z. Phyaik, 1932 , 76 . 259 . 
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the relaxation time, t, which gives a measure of the time required, in a system 
of initially orientated molecules, for the mean value of cos ^ being the angle 
made by the axis of orientation with a direction of orientation) to fall to 
1 /e. T is clearly related to the rotational frictional constant and diffusion 
coefficient, and for the relaxation time t^, characterizing the rotation of the 
a axis about the b and c axes of a generalized ellipsoid, this relation is quan- 


titatively expressed by 

Ta- l/(e, + 0,) (35) 

which in the special case of a rotational ellipsoid (b = c) becomes 

Ta-1/20/. (36) 


Where orientation involves only one relaxation time, the variation in 
dielectric constant with frequency is given ^ by 

7) = /)„ + (D„ - .... (37) 


and being the (constant) dielectric constants at very low and very 
high frequency, v being the frequency of the applied field, and a critical 
frequency defined by Vc~l/27rT, for which 7) — J(Z>q - f D^). Clearly, 
therefore, from experimentally observed curves of dielectric constant against 
frequency, the critical frequency may be obtained, and from it the rotational 
diffusion coefficient. 

Where orientation involves more than one relaxation time, an equation of 
tlie type 




, AD, , 
i+v 2 /va‘-''^l+v 27 v, 2 '^' 


(38) 


is required, and although this is more difficult to use than equation (37), values 
of Va and V, may be obtained. Usually the experimental curves are compared 
with curves calculated on the basis of an assumed molecular weight (usually 
derived from other sources), axial ratio and partition of AD^ (= Z>q — D^) 
into ADa and AD,. The axial ratio value giving the closest correspondence is 
then accepted. Alternative methods of calculation may, however, be used. 

Viscosity,— Although much used and quoted as a suitable method for the 
determination of molecular weight and dimensions, viscosity can yet be 
regarded only as a secondary method, whose successful application is de- 
pendent upon careful calibration against primary methods of the type already 
discussed. 

In the light of much recent work,^®-^® it is now generally accepted that the 
weU-known Staudinger law, which may be written in the form 

Lt. Y]ap./c =-KM (39) 

c 0 


** P. Debye, “ Polar Molecules”, Reinhold, 1929. 

** J. Wyman, Chem. Reviews, 1936, 19, 213. 

J. M. Burgers, Second Report on Viscosity and Plasticity, Acad. Sci., Amsterdam. 
M. L. Huggins in “Cellulose and Cellulose Derivatives”, edited by E. Ott, 
Intersoience Publishers, 1943, p. 943. 

R. Fordyce and H. Hibbert, J, Amer. Chem, Soc., 1939, 01, 1910. 

« P. J. Flory, ibid., 1943, 65, 372. 
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Y]ap being the specific viscosity and K a constant for the system, gives only a 
qualitative indication of molecular weight. A modified form of this law, for 
which considerable experimental evidence has been provided, viz., 

Lt. Yj«p./c == KM- (40) 

has, however, been suggested,^®**® in which the additional constant a, 
varying between 0-5 and 1-5, requires independent evaluation for every 
system. With carefully determined values of K and a, this equation prob- 
ably represents the most valuable method of obtaining molecular weight from 
viscosity data. 

Of the many equations relating viscosity and particle dimensions,^ we 
can mention only the recent one of R. Simha,^^ developed for a suspension 
of rigid ellipsoidal particles in overwhelming Brownian motion, a condition 
which usually (though not always) holds for polymer solutions. Writing 
ajh J, and (f> = volume concentration, we obtain 





15 (In 2J - 3/2) 5 (In 2J - 1 /2) 


It is valid only at low concentrations, and as with other methods of obtaining 
information on particle dimensions, it can only have physical significance if 
the real particle approximates closely to the postulated model. As in the 
determination of axial ratios from frictional ratios, uncertainty in the degree 
of solvation gives corresiionding uncertainty in calculated values of the axial 
ratio. 

(3) Miscellaneous Methods. — Optical. Although it has long been known 
that the ojjtical properties of colloidal solutions may give qualitative inform- 
ation on the nature of the colloidal particles, it is only recently that the invest- 
igation of the nature and intensity of the scattered light has been used to 
provide quantitative information on the molecular weight and dimensions 
of dissolved polymers, 

P. Putzeys and J. Brosteaux measured the intensity of light scattered 
at 90° to the incident direction from solutions of several globular proteins 
and, with amandin as a standardising material, used the well-known Ray- 
leigh equation, suitably extended to correct for depolarisation : 


I _ r (1 + 9u) 

/o“2x4ivLv + 2VJ 


V\M 


(42) 


to evaluate other molecular weights ; Iq is the intensity of the incident light 
of wave-length X, I that of the light scattered from unit volume of solution, 
iV is the Avogadro number, and are the refractive indices of solvent and 
protein respectively, and p** the depolarisation ratio. Values so obtained are 


T. Alfrey, A. Bartovics, and H. Mark, J. Amer. Chem. Soc., 1939, 61 , 2319. 

P. Birich, Ann. Rep, Prog. Physics, 1940, 7, 329 ; see also H. Mark, “ High 
Polymers ”, Vol. II, Interscience Publishers, 1940, p. 268. 

J. Physical Chem., 1940, 44 , 26. 

** Trans. Faraday Soc., 1936, 81 , 314; Med. Koninkl. Vlaasche Acad. Belg., 1941, 
III, No. 1. 
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shown in Part II to be in reasonable agreement with those established by 
other methods. 

The alternative method of using light-scattering measurements to invest- 
igate the thermodynamic properties of polymer solutions has already been 
mentioned (p. 33) and will not be further discussed here. A comparison of 
the two methods is clearly required. 

When a dimension of the polymer molecule is comparable with the wave- 
length of the light employed, the distribution of scattered intensities is found 
to be no longer symmetrical about the 90° position. Measurements of the 
scattered intensities {/j and at two angles 0j and Og, symmetrically placed 
about the 90° position, yield the disymmetry coefficient q defined by 

q = (43) 

If a definite molecular model be postulated, it is possible to calculate the 
variation of q with the molecular dimensions of the model and therefore to 
determine model dimensions from observed q values. A preliminary test of 
this method, performed on tobacco mosaic virus protein, whose dimensions 
have been accurately determined by the electron microscope, has given 
favourable indications of the method. Further results so obtained by P. 

I)oty, W. A. Affens, and B. H. Zimm ^ for polystyrene in solution will be 

mentioned in Part II. 

A further method of investigating the form of polymer molecules in solu- 
tion utilizes measurements of the depolarisation ratios 

H U II j h /JA\ 

p?/ — YT f Pr — YT > and p;* = -jr- .... (44) 

y u y V y h 

where H and V respectively denote the intensities of the horizontal and 
vertical components of the scattered light, and the subscripts u, v, and h refer 
to unpolarized, vertically polarized, and horizontally polarized incident 
light.®® Although not yet suitable for absolute measurements of molecular 
dimensions, the method is convenient for detecting changes in molecular 
form. 

X-i?ay and electron diffraction. In the case of certain proteins which 
form single crystals. X-ray evaluation of the dimensions and shape of the unit 
cell may give valuable information on molecular weight and shape in the 
crystal,®® as well as indicate the order of magnitude of crystal hydration, 
which has some bearing on the problem of hydration in solution for which, as 
we have seen, information is urgently required. 

Molecular weight is related to the volume of the unit cell (v) by the 
expression : 

M — Npvjn (45) 

B. H. Zimm, R. S. Stein, and V. Doty, Polymer Bull., 1945, 1 , 90. 

Trans. Faraday Soc., 1947, in the press (part of a symposium on “ Swelling and 
Shrinking ” in Sept., 1946). 

P. Doty and H. S. Kaufman, J. Physical Chem., 1945, 49 , 583. 

D. Crowfoot, Chem. Reviews, 1941, 28, 216; also M. F. Perutz and J. Boyes* 
Watson, Nature, 1943, 161 , 714. 
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n being the number of molecules in the unit cell and p the crystal density. 
Usually equation (45) is used to give a precise molecular weight, after an 
approximate value, derived by other means, has enabled the determination 
of n. 

From the shape of the unit cell and the number of molecules contained in 
it, an estimate of the dimensions of the molecule may be made from packing 
considerations. Such estimates are usually of a qualitative nature and, 
being determined for the crystal, may not be applicable directly to the mole- 
cule in solution. Similar difficulty is associated also with crystal hydration. 

For the less perfect crystals of many linear polymers,^’ a single molecular 
chain may pass through a large number of unit cells and no indications of 
molecular weight or shape of the isolated molecule can be obtained from X- 
ray data ; nor do the estimates of crystallite size, as determined by the breadth 
of A"-ray reflections or by the low-angle scattering of X-rays, have any direct 
bearing on the determination of molecular weight or shape. 

The most direct of all methods of deriving molecular dimensions is pro- 
vided by the electron microscope,^® in which individual molecules or par- 
ticles, deposited from dilute solution to minimize aggregation, are photo- 
gra{)iied under known high magnification. Valuable results have already 
been obtained, especially for the larger and more asymmetric colloidal par- 
ticles (e.gr., colloidal gold particles and tobacco mosaic virus). For the smaller 
colloidal molecules whose dimensions are comparable with the resolving 
power of the electron microscope (ca. 20 A.) and where all possible molecular 
orientations are encountered, the difficulties are much greater. Nevertheless, 
recent technical improvements, and especially the use of the atom shadowing 
technique,^® give considerable encouragement. In utilizing electron-micro- 
scope results, it must, however, be remembered that the process of depositing 
the unknown material from solution may alter it irreversibly and the dangers 
of aggregation and electron bombardment should not be under-estimated. 

Analytical methods. Analytical methods have, in individual cases, pro- 
vided valuable estimates of molecular weight as well as indications of poly- 
merisation mechanism. In the case of the protems, trace element (or group) 
analysis has been particularly useful, as for instance in the case of several 
hiBinoglobins for which an accurate estimate of molecular weight was obtained 
as that weight of protein containing 4 g. -atoms of iron. Similarly useful 
indications have been obtained from the content of sulphur in haemoglobins, 
of copper in the haemocyanins, and of trace amino-acids in certain other 
proteins.®® 

The method of end-group analysis has, as is well known, been employed 
to investigate the chain length of many polymeric carbohydrates. It was 

C. W. Bunn, in “Advances in Colloid Science”, Vol. II, Interscience Publishers, 
1946, p. 95. 

See, e.g.y G. D. Preston, Ann. Reports, 1944, 41 , 81. 

« R. C. Williams and R. W. G. Wyckoff, J. Appl. Physics, 1944, 16. 712. 

See review by E. J. Golm, J, L. Hendry, and A. M. Prentiss, J. Biol. Chem., 1926, 
68 , 721. 
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thus shown in the case of cellulose that the endless chain structure did not 
occur and a lower limit to the degree of polymerisation was obtained,®^ 
W. H- Carothers and F. J. van Natta similarly investigated poly w- 
hydroxydecoic acid, 0H*([CH2]9*C0*0)n‘[CH2]9*C02H, by titration with 
alkali, and the Zerewitinoff procedure, by which OH and SH groups occur- 
ring in a polymer arc estimated by reaction with a Grignard compound, 
is of considerable use in investigating the degree and mechanism of 
polymerisation . 

To be successfully employed, all analytical techniques require that the 
unknown substance can be carefully purified without decomposition, and the 
end-group method further requires the assumption of a structural model. 
Clearly, such methods which, in general, yield number average values, have 
limited but by no means negligible application. 

Part II. Results. 

Before reviewing results, two difficulties must again be emphasized. 
The first arises from our meagre knowledge of the extent of solvation, for the 
study of which adequate experimental methods are not available. In the 
case of the proteins, a reasonable figure, based upon a considerable number 
of estimates of crystal hydration,^ is 0-30 g. of water per g. of dry protein. 
This figure may, however, need revision. For many other polymers no 
estimates are available and considerable uncertainty in molecular dimensions 
is therefore unavoidable. 

The second difficulty arises from the complex nature of many polymer 
molecules, their treatment as geometrically simple shapes being at the best 
a rather poor approximation. As we have already stressed, the dimensions 
quoted in the following pages are those of the hydrodynamically equivalent 
ellipsoid, rod, or other chosen model, and in view of fluctuations in shape of 
many polymers, they are statistically determined. 

It is convenient to consider results under two headings : (a) corpuscular 
molecules, typified by the corpuscular proteins ; and (6) asymmetric mole- 
cules, typified by the linear chain-like polymers. In many ways the asym- 
metric molecules are more complicated in behaviour than those of almost 
spherical form, and the latter will therefore be first considered. 

(a) Corpuscular Molecules . — ^The greater part of the work involving the 
precise determination of molecular size and shape has concerned the proteins 
which, with their frequently corpuscular and reproducible molecular form 
and their monodispersity, are well suited for the application of the techniques 
just described. The biological role of these materials has given added 
importance to this work. 

W. N. Haworth and H. Machmier, J., 1932, 2270. 

« J. Amer, Chem. Soc., 1933, 56, 4714. 

•• J. L. Holland, Publication No. 8, (iii), of British Rubber Producers’ Research 
Association. 

•* G. 8. Adair, Ann. Beit. Biachem., 1937, 8 , 163; see also T. L. MoMeekin and 
R. C. Warner, J. Amer. Chem. Soo., 1942, 64, 2396. 
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Table III contains the “ dry ” molecular weights of a selection of proteins 
as determined by the different techniques. 

Table III. 

Molecular weights of corpuscular proteins. 

Method. 


Sediment- Sediment- 
ation ation and height 

Osmotic oqoi- diffii- scatter- 

Protoin. pressure.'* librium.* sion.* X-Rays.*’ 

Pepsin 36,000 39,000 35,500 — — 

j8-Lactoglobiilin — 38,000 41,500 40,000 — 

Egg albumin 44,000 * 40,500 44,000 — 38,000 

Haemoglobin (horse) ... 67,000 68,000 68,000 66,700 — 

Serum albumin (horse) 73,000 68,000 70,000 — 74,000 

Serum globulin (horse) 174,000 150,000 167,000 — — 

Excolsin 214,000 — 295,000 305,800 280,000 

Amandin 206,000 330,000 330,000 — Standard 


<* Cohn and Edsall, op. cit.^ p. 390. * Svodberg and Pederson, op. cit.^ p. 406. 

*= Fankiichon in “Advances in Protein Chemistry”, Vol. II, p. 387. ^ Putzeys 

and Brosteaux, loc. ciL, ref. (52). 

* Moan of the recent osmotic investigations quoted in reference (a). 

The considerable measure of agreement shown by the values of Table III, 
derived by methods differing profoundly in technique and origin, gives con- 
siderable support for the methods individually. Although discrepancies 
undoubtedly occur and further work is certainly required, in which condi- 
tions of examination are carefully standardized, the essential soundness of 
the methods for molecular weight determinations is adequately demon- 
strated. 

From molecular-weight determinations, T. Svedberg and K. 0. Pedersen 
were led to postulate that the molecular weights of proteins were approximate 
multiples of the unit 17,600. Although many molecular weights (e.g,, see 
Table III) are in agreement with this, there are many exceptions, as has been 
clearly shown by H. B. Bull’s device of plotting a “ logarithmic spectrum ” 
of molecular weights and by the statistical analysis of molecular weight data.®*^ 
The hypothesis is therefore under considerable suspicion. 

A modified form of this idea was, however, contained in the hypothesis of 
M. Bergmann and C. Niemann,®® by which the total number of amino-acids 
in a protein molecule (rather than its molecular weight) is expressible in the 
form X 3»», where m and n arc integers greater than zero. Clearly, vari- 
ations in the mean amino-acid residue weight cause variations in molecular 
weight for molecules containing the same number of ainino-acids, SQ that a 
defect of the Svedberg multiple law is avoided. However, serious objections 

Op. cit., p. 406. 

In “ Advances in Enzymology ”, Vol. I, 1941, Tnterscienco Publishers, p. 1. 

J. P. Johnston, H. C. Longuet -Higgins, and A. G. Ogston, Trans. Faraday Soc., 
1945, 41, 588. 

«« J. BioLFJhein., 1936, 116, 77; 1938, 122, 577. 
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are also raised on statistical and on analytical grounds,’^ and the Bergrnann- 
Niemann hypothesis, like its predecessor, is regarded with some doubt. 

A considerable body of information on the shape of the corpuscular pro- 
tein molecules, derived chiefly from the dynamic methods, is also now avail- 
able. In addition to the molecular- weight data (Mg) and the experimental 
sedimentation constants and diffusion coefficients from which these were 
derived, Table IV contains the frictional ratios obtained similarly, and 
axial ratios derived therefrom on the basis of zero and 30% hydration, 
assuming an elongated ellipsoid of rotation. For comparison, axial ratios 
derived, by using the same assumptions, from viscosity data by means of 
Oncley’s curves based on Simha’s equation (p. 49) are included. 

The choice of a prolate (rather than oblate) ellipsoid of rotation is some- 
what ar bitary ; similar agreement is, however, observed if the oblate ellipsoid 
is assumed, and on the basis of these results a choice between the two forms 
is impossible (see, however, D. G. Dervichian,’^^ J. F. Foster, and J. T. 
Edsall 72). 

Table IV. 

The molecular weight and axial ratio of certain proteins. 

Axial ratios. 







From 

From 






///»: 

viscosity : 


'^20 

■^20 



4 J 

' O 

'-p? .2 

S.P 

. 0'S .2 

Protein, 

X10‘». 

XlOL 

M,. 

///»• 

O -.£3 cS 
O 


g-4! CS 



(a.) 

{a.) 

(«•) 

(a.) 

(6.) 

(6.) 

(C.) 

(c.) 

Pepsin 

. 3 3 

90 

35,600 

108 

2-8 

— 

4-5 

3-2 

Lactoglobulin 

, 312 

7-3 

41,600 

1-26 

51 

3*2 

51 

3-6 

Egg albumin 

. 3*55 

7-8 

44,000 

M6 

3-8 

1-9 

4-8 

3-4 

Haemoglobin (man) 

. 4-48 

6-9 

63,000 

116 

3-8 

1-9 

4-6 

3-2 

Serum albumin (horse) .. 

. 4-46 

6-1 

70,000 

1-27 

6*3 

3 4 

5-5 

40 

Serum globulin (horse) .. 

. 71 

405 

167,000 

1-44 

8-3 

5-7 

7-5 

5-7 

Excelsin 

. 13-3 

4'26 

295,000 

M3 

3-4 

1-5 





Amandin 

, 12-5 

3-62 

330,000 

1-28 

5-5 

3-5 

60 

4*5 

Thyroglobulin (pig) 

. 19-2 

2-65 

630,000 

1-43 

8-1 

6-7 

7-7 

6-0 


(a) Svedberg and Pedersen, op, cit.^ p. 406. 

(fe) Calculated from data in col. 4 by Oncley’s curves (Fig. 2). 

(c) Calculated from data of A. Poison {Kolloid-Z,, 1939, 88 , 51) by Oncley’s curves 
(ref. 30). 

In view of our lack of precise knowledge regarding the contribution of 
hydration to either the frictional constant or the intrinsic viscosity ([^sp./c]c == o)> 
the qualitative agreement in the axial ratios is encouraging. More quantit- 
ative agreement awaits information on hydration rather than further increase 
in experimental accuracy. 

Oncley has attempted to define the limits within which the axial ratio 
of certain well-known proteins must lie by assuming certain values of the 

•• See, e.g., A. Neuberger, Proc. Roy. Soc., 1939, A, 170, 64. 

A. C. Chibnall, Proc. Roy. Soc.y 1942, B, 131, 136. 

J. Ckem. Physics, 1943, 11, 236. 
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experimental error and all possible values of hydration from zero upwards. 
He has thus obtained the curves of Fig. 3, in which the different shaded areas 
represent the possible values of the axial ratio as determined by the different 
methods. Clearly, those areas common to the greatest number of methods 
denote the most probable values of the axial ratio, and on the basis of the 
curves the prolate form of the ellipsoid would appear the better represent- 
ation of the protein molecules. 
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Fig. 3. 

7^ he amjmmetry and hydration of certain j^roteins. 

(lieprodurrd by permission from Armais of the New York Academy of Scionco.^, 1 lUI, 41 , 121.) 


The most symmetrical protein molecules, with their comparatively large 
rotational diffusion coefficients, are not readily studied by streaming bire- 
fringence, but the more a 83 Hnmetric maize protein, zein, has been carefully 
investigated by this method. Foster and Edsall thus concluded that the 
zein molecule approximates to a prolate ellipsoid of revolution of length 
300 — 400 A. and axial ratio ca. 20, an oblate ellipsoid being impossible to 
reconcile with their experimental results. For certain other of the more 
as 3 nmmetric protein molecules (e.g.. Helix hcemocyanin) , lengths of the molecule 
deduced from flow-birefringence measurements are in reasonable agreement 


” jr. Amer, Chem, Soc„ 1945, 67, 617. 
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with those derived from frictional ratios, prolate ellipsoids of revolution being 
assumed. 

Summarising the position, it may be said that agreement between the 
different methods as to the shape of the corpuscular protein molecules is as 
good as can be expected in absence of precise information on hydration, giving 
further support (see p. 53) for the theoretical basis of the methods and for the 
treatment of the molecules in terms of geometrically simple models. From 
the agreement between the methods involving translational and rotational 
motion of the particles, it appears that the shape of the corpuscular protein 
molecule is uninfluenced by the presence of velocity gradients ; further, in 
orientation in an electrical field, rotation of the whole rigid molecule, rather 
than of parts, occurs. This result is to be contrasted with the segmental 
motion of many linear polymer molecules. 

One further point arising from the almost spherical and compact mole- 
cular form of the corpuscular proteins should be mentioned. Possessing a 
relatively small effective volume in solution, such solute molecules interact 
rarely except at the higher protein concentrations. The variation in sedi- 
mentation constant or diffusion cocfScient with concentration is therefore not 
great in dilute solution (1 — 2%) and extrapolation to zero concentration is 
not therefore difficult. The variation is, however, by no means negligible, 
and must be allowed for in accurate work. A variation of much greater 
magnitude is, however, encountered with the asymmetric molecules, now to 
be considered. 

(b) Asymmetric Molecules . — In this group is to be considered the greater 
part of both the naturally occurring and the synthetic high polymers, many 
of which possess molecules of the linear chain-like type, with varying degrees 
of flexibility (e.^., cellulose, unvulcanized rubber, vinyl polymers) or aggre- 
gates of such chains (e.g., starch, glycogen). In some cases cross linkages 
between reactive points on the same or different chains may occur, while in 
others the kinking of the main chain is unimpeded by such bonds. 

Such polymers are usually polydisperse over wide limits, and although the 
mean molecular weight and range are of some interest for particular samples 
of material, it is clear that these molecular weights do not have the same 
general significance as in the case of the monodisperse corpuscular proteins. 
Measurement of such molecular weights by several methods, usually for 
carefully fractionated materials, is, however, of importance in testing the 
basic assumptions of the methods for molecules of complex form. In addi- 
tion to polydispersity, we have the further complication of non-specific 
molecular configuration, variations in the configuration of the same molecule 
under different conditions and at different times being possible as well as 
between molecules of different molecular weight. The treatment of such 
molecules in solution as geometrically simple shapes is, as already men- 
tioned, more open to question than in the case of monodisperse corpuscular 
proteins, and therefore requires more careful testing. 

E. T. Cohn and J. T. Edsall, op, cit,, p. 541. 

P. Johnson, unpublished experiments. 
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Amongst osmotic investigations of high polymers, the thorough work of 
Flory on polyt^obutylene fractions in c^cZohexane and benzene is typical of 
many. In agreement with the predictions of theory [equation (3)], different 
polymer fractions give parallel plots of Tzjo-c] each plot is not, however, 
accurately linear, but appears to possess a small curvature which has been 
confirmed by some workers for other systems (e.g.y A. Dobry ; G. Gee and 
L. R. G. Treloar but questioned by others.^®* Until such uncertainty 
concerning the exact form of the tc/o-c plots disappears, it is clear that in 
deriving Lt. tc/c, the range of extrapolation should be minimized by the 

c->0 

use of measurements at the lowest possible solute concentration. Some 
comparison of molecular weights determined osmotically and otherwise has 
been made; e.g., Fuoss and Mead® obtained for a polyvinyl chloride inac- 
tion the molecular weights 100,000 and 102,000 by osmotic and by sediment- 
ation-diffusion measurements, respectively. Clearly, however, extensive 
comparisons of this type are required, which as yet have largely been held 
up by the difficulties of working at sufficiently low concentration in 
sedimentation and diffusion. 

In view of the deviations from ideal behaviour to be expected in the 
sedimentation equilibrium of asymmetric polymers, the analysis of results for 
substances other than monodisperse or well fractionated samples is of con- 
siderable difficulty. For instance. Table V, due to Gralen,^’ gives experi- 
mental results for the sedimentation equilibrium of unfractionated cellulose 
nitrate (from unbleached American Imters) in amyl acetate, and molecular 
weights calculated from equations (8) and (11). 

Table V. 

Sedimmtation equilibrium of cellulose ?iilrale in amyl acetate. 

8oluto conim. — 0102 g./IOO c.c. ; sj)ood — 2400 r.p.m. ; k ~ 4-2; •■= 4-2. 

M : 


X. 

Z. 

lO^dn/clr). 

c. 

Eqn. (18). 

Eqn. (11) 

4-86 

28 

16-2 

00038 

■ 420,000 

708,000 

4-91 

28 

16-2 

00734 






302,000 

642,000 

4-96 

28 

10-2 

00829 

330,000 

615,000 

501 

28 

10*2 

00925 

291,000 

578,000 

500 

28*5 

10-5 

01021 

273,000 

575,000 

511 

30 

17-4 

01121 

234,000 

560,000 

5* 16 

32-5 

180 

01228 

289,000 

648,000 

5-21 

36 

20-9 

01345 

270,000 

653,000 

5*25 

42 

24-4 

01451 





300,000 

618,000 


J. Chim. physique^ 1935, 32 , 46; Bull. Soc. chim., 1935, 2 , 1882. 
Trana. Faraday Soc., 1942, 38 , 47. ^7 Bef. (16), p. 79. 
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The magnitude of the difference between the last two columns should be 
noted, as well as the effect of non-ideal behaviour in almost obscuring (in 
col. 5) the rise in molecular weight with higher x values, which was to be 
expected from polydispersity. Gralen has also shown the existence of similar 
serious deviations from the ideal equation for molecular weights less than 
100,000. In the last column, for which the improved equation (11) was used, 
the rise in molecular weight with increasing x is more evident, but although 
the equation undoubtedly represents an improvement, it is not yet known 
to what extent it is quantitatively sound. For two cellulose nitrates, Gralen 
obtained the values 618,000 and 780,000 and 454,000 and 430,000, by the 
sedimentation-equilibrium and the sedimentation-diffusion procedures, re- 
spectively. The equation clearly requires further checking, for if sedi- 
mentation equilibrium is to be successfully used for molecular-weight 
determinations of high-polymer asymmetric molecules, this equation or a 
further improved form is required. 

The asymmetry of high polymer molecules in solution introduces con- 
siderable complications (connected with those already considered) into their 
treatment by the dynamic methods, and as in osmotic-pressure and sedi- 
mentation-equilibrium determinations, it is necessary to experiment at the 
lowest possible solute concentrations. Arising from the relatively large 
effective volume of an asymmetric polymer molecule in solution compared 
with that of a spherical molecule of identical molecular volume,’® it is only 
at extremely low concentrations that any such molecule can move by trans- 
lation or rotation without interference from like molecules. At normal 
solute concentrations (:::!%) such interference is highly important, and the 
eejuations of sedimentation and of translational and rotational diffusion, 
develojjed for single molecules moving independently, no longer apply. 
Fig. 4 shows the effect of concentration on the sedimentation constant of two 
cellulose nitrate fractions (of molecular weights ca, 300,000 and 100,000) in 
acetone. Similar curves have been obtained for other asymmetric polymers, 
e.gr., polystyrene, toViacco mosaic virus, nucleic acid (R. Signer and H. Gross 
M. A. Lauffer ; H. G. Tennant and C. F. Vilbrandt ®i), for some of which a 
linear plot is claimed for the reciprocal of the sedimentation constant against 
concentration. As shown in Fig. 4, different polymer fractions show greater 
differences in sedimentation behaviour the lower the solute concentration; 
on the other hand, in the case of cellulose nitrates, at concentrations greater 
than 0*5 g-jlOO c.c., widely differing fractions sediment at identical rates. 
It would appear that at such concentrations, intermolecular interactions are 
so strong that the sedimentation is no longer characteristic of individual 
molecules, but of an irregular three-dimensional network whose sedi- 
mentation properties are not sensitive to the precise molecular length of 
the constituent molecular chains.’® 

H. Campbell and P. Johnson, Trans, Faraday Soc., 1944, 40 , 221. 

Uelv. Chim. Acta, 1934, 17 , 726. 

80 J, Amcr. Chem. Soc., 1944, 66, 118$. 


81 Ibid., 1943, 66, 424. 
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As a result of such pronounced concentration effects, ultracentrifuge 
boundaries become abnormally shari),^^ 78 preventing the estimation of 
diffusion coefficients from boundary spreading. Gralen,®^ assuming diffusion 
to be absent, has, however, used boundary spreading to give qualitative 
information on the polydispersity of cellulose and its derivatives. 



Fio. 4. 


Effect of concentration on the scdimentatioyi constants of cellulose nitrates in acetone, 
{lirjtnxluad h\j pcrmi/ision from Transiictious of tfic Fiiraduy Sot ioty, 1941, 40 , 229.) 


The variation in sedimentation constant with concentration may justi- 
fiably be considered in terms of an increased effective frictional constant, 
arising from intermolecular interferences at higher concentrations, and 
leading invariably, therefore, to decreased sedimentation constants at higher 
concentration. In the case of diffusion, however, the situation is more 
complicated, since in addition to such variations in frictional constant, the 
‘‘ osmotic ” driving force of diffusion is also non-ideal (with a value greater 
than ideal) . Since the two factors are in opposition, their relative magnitudes 
decide whether the diffusion coefficient will increase, decrease, or remain 
unaffected with increasing solute concentration. For most linear polymers 
(especially the cellulose derivatives) the diffusion coefficient increases with 
concentration, apparently in a linear fashion (see p. 40). 

In using equations (28) and (21) to calculate molecular weight and frictional 
constant, values of s and D at infinite dilution are clearly necessary. Both 
may theoretically be determined by extrapolation from low- concentration 

« Ref. (16), p. 13. 
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measurements, but especially in the case of diffusion, where sufficiently low 
solute concentrations are not usually practicable, the extrapolation is not 
reliable. The more reliable procedure of using the Boltzmann equation to 
give a plot of diffusion coefficient against concentration for each experi- 
mental diagram of concentration or its gradient over the boundary region, 
has been performed by Gralen for cellulose and its derivatives, and by 
Beckmann and Rosenberg for a variety of polymers, who thereby confirmed 
that within the limits of experimental error the variation of diffusion co- 
efficient with concentration is linear. Table VI contains sedimentation and 
diffusion data for certain cellulose nitrates in acetone with derived molecular 
weights, frictional and axial ratios, the latter based upon the assumptions of 
elongated ellipsoids of rotation and zero solvation. 

Table VI. 

Molecular iveight and shape of cellulose nitrates in acetone. 

(From (Jralon.'’^) 


Nitmt/O of — X 10^^. XlO’. X 10 ///o* u/b. 2a, A, 2b, A. 

ITiibloachod American 

linters 19 0 1-00 780 12-2 870 11-3 0800 

llleached American 

linters 14 0 144 400 10 6 670 9-8 0600 

Chlorite-bleached 

linters 18-5 Ml 680 11*5 780 11-2 8800 

Sulphate cellulose 16-2 1-56 420 9-6 550 10-7 5900 

Sulphite cellulose 16-4 1-56 430 9-6 550 10-8 5900 

Holocolluloso from 

spruce 21*6 2-57 340 6-3 250 13 1 3200 


The last two columns contain the dimensions of the ellipsoidal model 
based upon the calculated axial ratio and molecular volume. In view of the 
assumptions involved in deriving these dimensions, a close analysis is not 
justifiable, but certain general conclusions can be drawn. Although the 
cellulose nitrate molecule in solution is very as3unmetric, its axial ratio does 
not correspond to a completely stretched- out chain, unless the effective 
diameter of the chain be considerably increased by solvation In view of 
the strong interaction between cellulose nitrate and acetone, this possibility 
is not unlikely. In the absence of quantitative information on solvation, it 
is impossible to decide between the alternatives of a solvated stretched chain 
and a folded unsolvated one. It is unfortunate that no check by other 
methods of the molecular weights and shapes of Table VI is available. 

Several linear polymers have been investigated by the streaming bire- 
fringence method, which has included the study of the magnitude of the 
birefringence as well as the determination of rotational diffusion coefficients.^® 
R. Signer and H. Gross thus investigated polstyrcnes and cellulose nitrates 
in solution, deriving rotational diffusion coefficients from which molecular 
dimensions can be estimated. Although some correlation of rotational 

Ref. (16), p. 59. 8* Ref. (16), pp. 89, 97. 

Z. physikal. Chem., 1933, A, 165, 161. 
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diffusion coefficients and molecular weights, obtained viscometrically, was 
attempted for polystrenes, it is only comparatively recently that more 
extensive correlations have been attempted. For instance, A. Wissler 
investigated gelatine and its fractions, fractionated methyl cellulose and 
cellulose nitrate, and other polymers by the streaming birefringence method, 
and compared molecular dimensions so obtained with those from other 
methods. An extension of this valuable work is much to be desired. 

Wissler made the interesting observation that the curves expressing the 
variation in corrected rotational diffusion coefficient (©/'^solution) or mole- 
cular length against degree of polymerisation were identical for methyl 
cellulose and cellulose nitrate, suggesting in agreement with equation (33) 
that molecular length, rather than thickness, controls rotational behaviour. 

Interesting conclusioas were reached by Signer and Gross from bire- 
fringence measurements, and confirmed by R. Signer and C. Sadron.®^ For 
example, for the higher-molecular-weight polystyrenes, the curve of observed 
birefringence against velocity gradient, which is linear at low values of tlie 
gradient, suddenly assumes a higher value of the slope at a definite value of 
Gr\, A similar discontinuity also occurs at this point in the extinction angle, 
but neither effect was observed in cellulose nitrate solutions which, rather, 
showed signs of a saturation birefringence at high gradients. Signer there- 
fore reasonably considered the discontinuity to be caused by the onset of 
stretching of the curled-up polystyrene chain, which clearly is expected to 
be absent in already extended chains of the cellulose type. 

The flexibility of the normally coiled polymer chain in solution is also to 
be expected from the dielectric properties of solid linear polymers, for which 
the range of relaxation times observed can only be explained as due to local 
orientations of dipolar portions of the molecule, made possible by some free 
rotation within the molecule. 

Some further confirmation of these views on molecular flexibility has been 
obtained from measurements of viscosity and light scattering. Thus, 
T. Alfrey, A. Bartovics, and H. Mark showed that the intrinsic viscosity of 
solutions of polystyrene in good solvents was higher than in poor solvents, and 
could be lowered by the addition of preciptant, indicating a more compact 
configuration for the polymer molecule in the presence of a solvent with which 
it does not interact. Again, no such changes were observed with cellulose 
acetate solutions. Doty, AfiFens, and Zimm ^ have investigated these con- 
clusions by calculating, from light-scattering measurements, the root-mean- 
square length of the polystyrene molecule in solution, assuming it to be a 
random coil. Table VII, containing the results of some of their calculations, 
demonstrates clearly the changes in molecular form occurring between 
different solvents* 

For a change in molecular dimensions of 20%, Table VII indicates a 
change of 600% in intrinsic viscosity — ^a clear warning of the dangers involved 

•• Inaugural Thesis, Bern, 1940. Helv. Chim, Acta^ 1936, 19, 1324. 

•• J. Amer. Ohem. Soc., 1942, 64 , 1667. 
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Table VIF. 


Molecular data, on ^polystyrene fractions. 


Fraction. 

Solvent. 

Weight 
av^erage 
mol. wt., 
M„,. 

Extended 
length, A. 

Root -moan- 
square 
length. 

O' 

RT-H 

Toluene 

4.800,000 

115,000 

2370 

7-6 


Ethylene dichlorido 

4,800,000 

1 1 5,000 

2390 

5-3 


Butanone 

4,800,000 

115,000 

2100 

2-3 


Butanone -? A'opropanol 

4,800,000 

115,000 

1900 

1-6 

BZO-4 

E thy Ion e di ehlo ri do 

2,100,000 

50,000 

1100 

2- 16 


Butanone 

2,100,000 

50,000 

1230 

1*45 


Butanone~?l.!#opropanol 

2,100,000 

50,000 

990 

0-84 


in using viscosity alone as a measure of molecular weight or shape. Light- 
scattering measurements have also been used to calculate the molecular 
weights of cellulose acetate fractions for which osmotic values were already 
known, an average agreement within 8% being recorded. From the ob- 
served dissymmetry of scattering, it was concluded, in agreement with other 
workers (e.g., H. Mosimann; N. Gralen on cellulose and its dervatives, 
that the lower-molecular-weight cellulose acetate molecules (M < 80,000) 
are considerably extended, but that larger molecules coil back upon them- 
selves. Polarisation measurements confirmed this conclusion and indi- 
dicated the more coiled state of the molecules of polyvinyl chloride and 
polystyrene. 

From this review, it is evident that much valuable information, derived 
chiefly by the independent application of the different experimental methods, 
is now vailable. A beginning has also been made in comparing the differently 
achieved results for individual systems ; much more work of a similar though 
more extensive character is, however, required before the available data, 
especially in their quantitative as2)ects, can be unreservedly accepted. 

P.J. 


3. Crystal Growth. 

There has been no rej^ort on crystal growth for some fifteen years. In 
view of the fact that many problems in this field are of such theoretical 
interest and of such importance in industry, the comparative neglect of the 
subject in this country is somewhat surprising. A bare recital of experi- 
mental results and of theories propounded would probably only serve to 
confirm the view that “ differences of opinion such as expressed by the 
various workers studying crystal growth and adsorption jihenomena strik- 
ingly emphasise the need for exact knowledge concerning the way in which 
a crystal grows From the apparently caj^ricious behaviour of crystals 
one might justifiably gain the impression that crystal growth is not a subject 
for precise scientific study. A review of work in this field suggests, first, 
that there has in general been too much divorce of theory from experiment, 

Helv. Chim. Acta, 1943, 26, 61. »» Ref. (16), p. 95. 

^ W. G. France, “ Colloid Chemistry,” J. Alexander, Keinhold Publishing Corpora- 
tion, New York, 1944, Vol. 6, p. 443. 
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and, secondly, that it is difficult to be sure what problem a particular piece 
of work was designed to solve. It is still true to say, as it was fifteen years 
ago,^ “ that it is almost impossible to draw any certain conclusions from 
the mass of information that has been collected on the growth and solution 
of crystals, because very few of the aspects have been investigated from all 
sides, and insufficient systematic work has been carried out It is 
necessary first to decide what facts have been, or need to be, established, 
so that the problems can be precisely defined. We have to establish that 
under specified conditions growth takes place in a definite and reproducible 
way, and that certain variations in these conditions lead to reproducible 
variations in the mode of growth. The theoretical treatment can then 
make provision for all the relevant variables. A characteristic of much 
work on crystal growth, both theoretical and experimental, is that only 
special cases are dealt with, and these are sometimes complex rather than 
simple. Here we may make one general observation. The difficulty of 
growing single crystals with perfect geometrical shapes emphasises a com- 
plication inherent in all crystal-growth experiments. In a process involv- 
ing isolated particles (e.g,, reactions in gases or liquids) the result always 
represents the average behaviour of a large number of reacting units, and 
the differences between the particles are governed by well-known distribu- 
tion laws. Any abnormal behaviour on the part of a few molecules is taken 
care of in this way. In the growth of a single crystal, however, the position 
is rather different. If, for some accidental cause, the deposition of a 
particular layer of molecules departs from normal and if this is not soon 
corrected, the subsequent behaviour of an indefinite number of molecules 
may be entirely altered. Thus from a statistical standpoint the whole 
crystal corresponds to a single molecule in the gas reaction, so that data on 
large numbers of crystals are necessary before reproducible and significant 
results can be expected. This has to be borne in mind when assessing the 
value of observations on the growth of single crystals, for some of the most 
careful measurements have been made on a small number of crystals (even 
on one crystal). The time factor alone might make the extension of the 
experiment to, say, one hundred crystals an impracticable proposition. 

This Report will be largely confined to crystal growth from solution, 
and it is convenient to consider this under three heads : (a) normal growth 
from pure solution, (d) growth with change of shape, and (c) growth from 
solutions containing impurities. 

(a) Growth from Pure Solution , — ^Casual observations on crystals grown 
from the same solution would suggest that there can be variations not only 
in the relative areas of faces but even in the types of faces present. Three 
fundamental questions are therefore : (1) do crystals in fact maintain the 
same geometrical shape during growth from pure solution imder certain 
specified conditions, (2) if so, is this shape dependent on the absolute rate 
of growth, and (3) how is the face development dependent on the nature 


* Ann, Reports, 1931 , 28 » 279 . 
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of the solvent ? In spite of the obvious importance of (1) this point seems 
to have received very little study. It involves the measurement of the 
dimensions of crystals of various sizes, and the crystals must develop faces 
of two or more kinds during normal growth. Most of the precise studies of 
crystal growth have been concerned with substances such as sodium chloride, 
sodium chlorate, and alum, the normal developments of which comprise 
only one type of face (cube or octahedron). Points (2) and (3) will be dis- 
cussed under (c). 

(b) Growth of a Crystal whose Shape is changing. — If a salt such as sodium 
chloride is being studied, and it is desired to measure the rates of growth 
Vhkh €5tc., perpendicular to faces of dijBferent types, it is necessary to produce 
faces such as (110) or (111) by some means other than normal growth from 
pure solution. Cases which have been studied in some detail include the 
growth of spheres of sodium chloride through intermediate shapes to cubes, 
the further growth of crystals from pure solution in solutions containing 
habit-modifying impurities, or vice versa. Here the problem is to account 
for the relative rates of growth on faces of two kinds, those which normally 
appear and those which would not be present (or, at any rate, would be 
present to different extents) in normal growth. Thus, cube faces may be 
grown on an alum crystal by adding a dye to the solution, and the further 
growth of this crystal with (100) and (111) faces may be studied in pure 
alum solution, from which the crystals normally grow with only octahedron 
faces. In such a case we require to determine whether ^loo/^iii constant 
— whether it depends on the relative developments of the forms {100} and 
{111}, on the absolute rate of growth, and so on. We return to this point 
later. 

(c) Growth from Solutions containing Impurities. — The interpretation of 
relative growth rates on difierent faces of crystals grown in solutions con- 
taining impurities is likely to be extremely difficult. In the case of crystals 
exhibiting two or more forms grown from pure solution, it does not appear 
to be known whether the relative developments of the forms depend on the 
absolute rate of growth of the crystal. However, from solutions containing 
impurities the relative developments of different forms do definitely depend 
on the rate of growth. We may define the rate of growth either in terms of 
the mass of the whole crystal, which increases as some function of the time, 
or in terms of the rate of displacement of a face parallel to itself. If the 
latter were kept constant, and the crystal maintained the same shape, then 
the mass of the crystal would increase as the cube of the time, a condition 
difficult to achieve experimentally and apparently never attempted. In 
practice, there are two simple ways of controlling growth : (1) lowering the 
temperature of an initially saturated solution, or (2) removing the solvent 
at a constant rate at constant temperature. (It is assumed h^e that all 
solute is deposited on a specified number of seed crystals.) In either case, 
and assuming in (1) a linear solubility-temperature relation, the mass of the 
crystal increases linearly with time, i.e., the rate of growth perpendicular 
to any face is continually decreasing. To the Beporter’s knowledge no 
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detailed study has been made of the effect of the absolute rate of growth 
on the shape of crystals grown either from pure solution or from solutions 
containing impurities. 

Any general theory of crystal growth from solution must take account 
of the solvent. In certain cases the importance of the solvent is obvious, 
as, for example, when change of solvent entirely alters the face develop- 
ment of the crystal. Iodoform crystallises from certain solvents as hexa- 
gonal bipyramids and from others as prisms terminated by the basal planes. 
In the case of resorcinol crystallising from water, the strong interaction with 
the solvent entirely prevents growth on the hydroxylic faces at one end of 
the crystal. In all cases, however, there must be some degree of interaction 
between solute and solvent (a) in the solution, and (h) at the crystal faces. 
Before a sodium ion can be attached to a growing crystal of sodium chloride 
it need only be partly dehydrated, for when the ion is attached to the crystal 
it may still be solvated on the side towards the solution. Before it is finally 
incorporated in the crystal, in a layer below the surface, this remaining 
solvent must be removed. If this separation of solvent is not complete, 
solvent becomes trapped in the crystal, and inclusions (of saturated solution) 
are common in crystals which have been grown rapidly. Thus the rapid 
advance of a crystal face implies a drift of solvent molecules away from the 
surface against the flow of solute towards it, for whatever the degree of 
supersaturation near the surface of the crystal the number of solute particles 
in unit volume of the solution is loss than in the crystal. In the extreme 
ease, when growth becomes very rapid, diffusion of solute from the bulk of 
the solution may become the rate-determining factor, and the normal 
relations between the relative rates of growth on different typos of face 
become altered or destroyed. 

There is clearly much in common between the parts played by the solvent 
and by a habit-modifying impurity in the process of crystal growth. Inas- 
much as both impurity and solvent are adsorbed to varying degrees on crystal 
faces, it would seem that the action of adsorbed impurity and of solvent 
could be dealt with in a similar way in a generalised treatment of crystal 
growth from solution. We have noted that the interaction of solvent with 
certain crystal faces can be as specific, and as far-reaching in its effect, as 
that of some adsorbed impurities, and just as inclusions of solvent are formed 
in crystals grown very rapidly from pure solution, so a habit -modifying 
impurity may be trapped in a rapidly grown crj^stal. Since the shape of a 
crystal grown from a solution containing a habit-modifying impurity 
apparently does depend on the absolute rate of growth, it seems reasonable 
to suppose that this may also be true for growth from a pure solution. 

Although it is impossible to draw a hard-and-fast line between the 
various aspects of crystal growth, we shall for convenience adopt the follow- 
ing plan : (1) theoretical, including relations between internal structure 
and face development, (2) studies of the growth of single crystals, (3) effect 
of impurities on crystal habit, (4) oriented overgrowths, (5) perfection of 
internal structure and of crystal faces, (6) misoellaneous topics, including 
REP. — ^VOL. XLin. O 
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(a) supersaturation and nucleus formation and (6) technique of growing 
single crystals. 

(1) Theoretical . — In the most general terms, we may say, with (Miss) 
M. Bentivoglio,^ that the form of a crystal is influenced by three main 
factors : {a) its internal structure, (h) the nature of the solvent, and (c) a 
variety of external factors, not easily subjected to exact study, such as its 
proximity to the walls of the vessel or to otlier crystals, and the effect of 
diffusion or concentration gradients. “ The first two factors conjoined 
may be expected to lead to a standard or ideal habit to which individuals 
tend to conform in so far as they are not modified by the disturbing in- 
fluences of the third category. This ideal habit is that which a crystal 
would assume if it could be subjected to uniform conditions of growth from 
the first moment of its formation. (It can be obtained by constructing 
})lanes parallel to the various faces observed on the actual crystal at dis- 
tances from a central point proportional to their measured rates of growth.) 
Clearly, if we wished to account for the way in which a crystal would grow 
under any conditions {e.g., in unstirred supersaturated solution) we should 
have to allow for external factors such as concentration gradients which we 
know can lead oven to quite different rates of growth of identical faces. 
There is good reason to believe that the ideal habits of crystals are simple,^ 
and that the usual illustrations of crystals do not represent what we may 
call the fundamental morphology of the substance. We shall not attempt 
here any general review of the numerous theories of crystal growth, but 
shall discuss two topics which have been the subject of a number of papers 
in recent years. The first represents one possible approach to the problem 
of accoimting for the face development of a crystal ; the second is purely 
crystallographic and takes account only of the internal structure of the 
crystal, i.e., only the first of the three factors enumerated above. 

The concept of minimum total surface free energy. The condition for stability 
of an isolated drop of a fluid is that its surface free energy, and hence its 
area, is a minimum. W. Gibbs ^ suggested that a similar condition might 
apply to a crystal, viz., that for a crystal in equilibrium with its surroundings 
at constant temperature and pressure, its total (Gibbs) free energy is a 
minimum for a given volume. If we suppose that the volume free energy 
per unit volume is constant throughout the crystal, then the condition 

N 

becomes '^Aigi ~ minimum, where gi is the surface free energy per unit area 

1 

of the ^th face of area .d* on a crystal bounded by N faces. In other words, 
those faces develop which lead to a minimum total surface free energy for 
a given volume, so that any crystal if kept for a sufficiently long time in a 
saturated solution should attain the equilibrium shape determined by this 
criterion. Gibbs realised that, owing to the different degrees of internal 
order in crystals and liquids, the practical realisation of an equilibrated 

® Froc. Roy. Soc., 1927, A, 115 , 59. * A. F. Wells, Phil. Mag., in the press. 

* “ Collected Works,’* Longmans, Vol. 1, p. 320. 
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crystal might be difficult. In a drop of liquid there is random arrangement 
of the molecules (or atoms) so that every portion of the surface is similar in 
structure to every other. In a crystal, however, the structural units are 
arranged in a regular way in three dimensions so tliat tlie whole array 
possesses certain symmetry. The bounding surfaces of the crystal arc plane 
(see Section 5) but not necessarily equivalent, and there is an infinite series 
of sets of possible faces for any crystal. The growth of a crystal takes place 
by the deposition of new layers on the faces of the crystal, and there might, 
therefore, be activation energies associated, for example, with the com- 
mencement of a new layer, and these might be independent of the area of 
the face. Gibbs concluded that “ it seems not improbable that the form of 
very minute crystals in equilibrium with solvents is principally determined 

N 

by the condition that ^{Aigi) shall be a minimum for the volume of the 
] 

crystal but as they grow larger (in a solvent no more supersaturated than is 
necessary to make them grow at all), the deposition of new matter on the 
different surfaces will be determined more by the nature (orientation) of 
the surfaces and less by their size and relations to the surrounding surfaces. 
The hinds of surface thus determined will probably generally be those for 
which gi has the least values. But the relative develoimenis of the diflFerent 

iV 

kinds of sides will not be such as to make ^{Aigi) a minimum.*' 

1 

G. Wulff ® showed that the Gibbs equilibrium shape of a crystal is very 
simply related to the relative surface free energies of the faces. The crystal 
should form a polyhedron such that the perpendicular distances from a 
point within the crystal to the faces are proportional to the specific surface 
free energies of the appropriate faces. M. von Laue ’ has recently reviewed, 
and added to, the various proofs of this theorem, and emphasised that it is 
not sufficient merely to determine, for any arbitrary combination of faces, 
the shape corresponding to minimum surface free energy. It would be 
necessary to consider all possible combinations of faces and to find which 
of the relative minima is actually the smallest. The validity of the minimum 
surface free energy criterion could only be tested directly if the relative 
values of these energies of sufficient (ideally, of all the possible) faces of a 
crystal were known, and unfortunately very little is known of these quan- 
tities. Indirect evidence has been adduced to show that the Gibbs condition 
is not normally applicable to crystals grown at a finite rate. It is known, 
however, that the crystals of a given substance grown slowly from a particular 
solvent generally exhibit a simple development, which we may call the normal 
shape, and it has been shown that crystals of other shapes do tend, on further 
growth, towards the standard shape.^» ® Such changes do not, however, 
take place unless growth is permitted. For example, an octahedron of 
sodium chloride, grown from a solution containing urea, does not change 

• Z. Krist., 1901, 84. 449. ’ Ibid., 1943, 105, 124. 

» A. F. Wells, PhU. Mag., 1946, 87. 184. 
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into a cube in pure solution at constant temperature. This fact indicates 
that the criterion of Gibbs cannot be applied in its original simple form to 
a macroscopic crystal which has been grown at a finite rate. An essential 
diiference between a drop of fluid and a crystal is that the former can adjust 
its shape by the rearrangement, within itself, of its atoms or molecules. 
This is not generally possible at ordinary temperatures for a crystal. Pro- 
vided no other crystals are present, a crystal of non-equilibrium shape in a 
saturated solution could rearrange itself to the equilibrium shape only by 
the passage of molecules either via the solution or through some surface 
layer from one face on to others, or on to other parts of the same face. Such 
processes do not take place at measurable rates in the case of macroscopic 
crystals, except possibly at temperatures near the melting point. In order 
to define the shaj)e of a crystal we need to know what factors determine the 
relative growth rates on the different faces. The simple Gibbs picture would 
imply that these growth rates are directly proportional to the appropriate 
specific; surface free energies. This is clearly not true for any absolute rate 
of growth of the crystal, for the Gibbs criterion is applicable to a crystal 
in equilibrium with its surroundings. It may well be, however, that the 
Gibbs equilibrated crystal is the limiting shape for infinitely slow growth. 
To the Reporter’s knowledge, no attempt has yet been made to study 
crystals grown from solution under conditions such that the experiments 
would constitute a test of the Gibbs hypothesis. 

Many contributions to the theory of the growth of cr3^stals and the 
equilibrium shape of crystals have been made by Stranski and his co-workers, 
developing the Kossel-Stranski theory of crystal growth.® For example, a 
detailed theoretical study of the geometrical aspect of the growth of a 
crystal of sodium chloride has been given, and an interpretation of the 
Thomson-Gibbs equation in terms of the work of separation of individual 
atoms. is shown that if is the separation work per atom averaged 
over an entire surface plane of the crystal, then an alternative statement of 
the Gibbs-Wulff theorem is that all faces on a crystal in equilibrium with 
the same vapour phase must have the same value of <j)a. This work will not 
be dealt with further hero as it is not very relevant to crystal growth from 
solution, but for completeness references are given below to supple- 

ment those given in the earlier Report.® 

The relation between Bravais lattice, space -group, and face development. 
In a crystal the structural units are arranged in conformity with one of the 

® Soe Ann. Reports, 1931, 28 , 276. 

I. N. Stranski, Z. physikal. Chem., 1932, B, 17 , 127. 

I. N. Stranski and R. Kaishev, ibid., 1934, B, 26, 100, 114, 312. 

12 Idem, ibid., 1937, B, 35, 427. 

12 I. N. Stranski et al., ibid., 1931, B, 11 , 342; Kolloidchem. Beih., 1931, 32 , 197; 
Z. Krist., 1931, 78 , 373; 1934, 88 , 325; 1943, 105 , 91; Physikal. Z., 1935, 86 , 393; 
Ann. Physik, 1935, 23 , 330; Ber. Wien. Akad., 1936, 145 , 840; 1938, 146 , 800. 

1^ M. Volmer, Ann. Physik, 1935, 23 , 44; “ Kinetik der Phasenbildung,” Dresden, 
1939, pp. 42, 87 -97. 

W. Kossel, Ann. Physik, 1934, 21 , 457. 



WELLS : CRYSTAL GROWTH. 


69 


fourteen Bravais lattices. Bravais suggested that the face development of 
a crystal was closely related to its fundamental lattice, the faces being 
parallel to the net planes in the lattice and those planes most closely 
packed with lattice points being the most important forms on the crystal. 
G. Friedel showed that this is often true. The Bravais “ law ” im})lies that 
the Miller indices of crystal faces will be small integers, and it is well known 
that faces with high indices are rare. It was not to be expected that the 
law would be universally valid, for it took account only of the internal 
structure of the crystal, and it was realised that external factors such as tlic 
rate of crystallisation and the presence of impurities in the solution could 
affect the habits of crystals. The Bravais law was elaborated by J. D. H. 
Donnay and D. Marker, who showed that not only the type of lattice but 
also the presence of screw axes and glide planes (other than those inherent 
in the lattice) should be taken into account in correlating face development 
with internal structure. The Bravais law states that the importance of a 
form {hid} is proj)ortional to the reticular density (number of lattice x:>oints 
in unit area) or inversely proportional to the reticular area Shu- Since 
^hkidhu “ F, where is the spaiang of successive planes hid and V is 
the volume of the unit cell, the importance of a form should be directly 
proportional to the interplanar sjmeing Monnay ])ointed^out that 

since screw axes and glide planes involve translations, their presence alters 
the effective spacings of planes perpendicular to the former and of certain 
planes perpendicular to the latter. For example, a 3^ axis changes the 
effective spacing of the (0001) plane from c to r/3, and since this is the only 
plane affected, the importance of the form {0001} relative to others is altered. 
It is evident that the planes affected in this way are just those of which 
certain orders of reflexion of X-rays are absent owing to destructive inter- 
ference (the systematic absences listed in space-group tables). 

If the importance of a form {hkl} is proportional to the spacing dh^i it 
is possible to draw up for any crystal a list of planes arranged in order of 
decreasing dma, and the position of a given plane in this “ morphological 
aspect ” (M.A.) should express the importance of the form relative to others. 
The Donnay-Harker extension of the Bravais law requires that, instead of 
using in all cases the simplest Miller indices, we use the multiple indices 
of the lowest order of X-ray reflexion compatible with the space-group 
symmetry. In propounding the new law the authors claimed only that it 
was an improved approximation, for it is obviously subject to the same 
limitations as regards external factors as was the original law of Bravais. 
In addition, Donnay and Marker pointed out that if the space-group sym- 
metry were the only influential factor then all cubic crystals, for example, 
with the same space -group would exhibit the same face development, 
whereas this is not so. A morphological aspect is defined as a possible 
list of decreasingly important forms for any set of axial elements (axial 

Compt. rend., 1904, 139 , 221, 314; Bull. Soc. frauQ. Min., 1905, 28 , 6; 1907, 
30 , 326. 

(o) Compt. rend., 1937, 204 , 274; (b) Amer. Min., 1937, 22, 446. 
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ratios and interaxial angles) in any given crystal system Corresponding 
to the 230 space-groups there are 97 morphological aspects.^® Only in the 
cubic system can the planes be listed for a given M.A. without reference to 
a particular crystal ; in other systems the axial elements affect the order of 
the planes. In order to determine the space-group from the face develop- 
ment the M.A. drawn up from observations on the crystals is compared 
with the above theoretical M.A.’s. In the case of minerals the experimental 
M.A, is drawn up in a standard way by making a statistical survey of the 
frequency of occurrence and relative sizes of various forms on a large number 
of crystals from different localities. Donnay and others have shown that 
in a number of cases there is good agreement between the observed face 
development and that predicted from the space-group, and that in some cases 
the space-group could be deduced or confirmed from morphological studies.^® 
Crystals studied in this way include rhombic sulphur, pyrites, spinel, and 
analcime,^’* stephanite,^^ garnet,^^ muscovite,^® scheelite,^^ goethite and 
lepidocrocite.^^ 

This work of Donnay and others on the relation between the face develop- 
ments and space -groups of crystals has been critically reviewed.^® Apart 
from the fact that morphological relationships which do not take account 
of the solvent are necessarily only of limited validity, it is shown that there 
are other complications of a purely crystallographic nature which severely 
restrict the usefulness of the Donnay-Harker generalisation. The signi- 
ficance of the face developments (experimental M.A.’s) of natural crystals 
is also discussed in another paper 

It is appropriate to mention here some cases of anomalous face develop- 
ments. It has long been known that in certain cases etch-pits on crystals 
indicate a symmetry lower than that of the internal structure, or in some 
cases of the normal face development. For example, L. Royer studied 
the etching of calcite by various acids and impure natural hydrocarbons, 
and concluded that the apparent low symmetry resulted from the nature of 
the etching medium. Equally interesting are the cases of crystals the 
number and arrangement of faces on which indicate a symmetry lower than 
that of the structure, i.e., where the low symmetry results from growth 
instead of dissolution. Examples are lead and barium nitrates, assigned 
to class 23 on morphological evidence (space-group Pa3), and cuprous 
oxide, ammonium and potassium chlorides, assigned to class 43 (space- 
groups Pn3m, Pm3m, and Fm3m respectively). It seems likely that the 

J. D. H. Donnay and D. Harker, NaturaZiste canadien, 1940, 67, 33. 

J. A. Tremblay, J. Washington Acad. Set., 1942, 82, 327. 

« J. D. H. Domiay, Amer. Min., 1938, 23. 5; 1939, 24, 184. 

E. D. Taylor, ibid., 1940, 25, 327. 

** J. D, H. Donnay and C. Faossler, Univ. Toronto Studies, OeoL Ser., 1941, 46, 19. 

M. A. Peacock and R. B. Ferguson, ibid., 1943, 48, 65. 

** J. D. H. Donnay, Trans. Roy^ Soc. Canada, 1942, 86, Sec. 4, 37. 

M. A. Peacock, ibid,, p. 107. 

« A. F. Wells, PhU. Mag., 1946, 37, 217. 

Gompt. rend., 1929, 188, 1176, 1303; 1929, 189, 932; 1930, 190, 603, 
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environment of the crystal during growth may be responsible for some of 
these anomalous developments, and the value of evidence such as the number 
and arrangement of faces of high indices is questionable.^ Tlie apparent 
hemihedrism of crystals of lead chloride, lead bromide, and mercuric bromide 
grown from solutions containing organic colloids provides a further example 
of this phenomenon.^® W. KJcber supposes the cnantiomorphous develo])- 
ment of crystals such as cuprous oxide (with a non-enantiomorphoiis 
structure) to be due to preferential adsorption of some optically active 
substance from the solution, melt or vapour. 

(2) The Growth of Single Crystals . — The study of the growth in aqueous 
solution of spheres of sodium chloride cut from a single crystal, initiated by 
K. Spangcnberg,®®’ has been continued by a number of workers.®^’ 

By using spheres cut from natural crystals it was found that the final shape 
was always a cube. The growth of crystals with cube and octahedron faces 
was also studied, both in pure solution and solutions containing various 
added salts or urea. A summary of this work is available.®^ The study 
has been extended to a number of other alkali halides,®® the single crystals 
being grown from the melt by the Kyropoulos method. The earlier results 
for sodium chloride were confirmed, and it was shown that in the case of 
potassium bromide and potassium iodide also the final product would be a 
cube. From the measurements on the chloride, however, Morgonstern 
concluded that the final form would bo an octahedron, a surprising result 
for which no explanation is suggested. Differences were also observed in 
the forms present at intermediate stages during growth. For example, 
potassium bromide, alone among the halides studied, never showed octa- 
hedron faces. Some preliminary results on the development of vicinal 
faces on sodium chloride crystals during growth have been reported by 
K. Spangenberg,®"^ who points out that no significant differences in growth 
of natural or artificial crystals can be detected. 

From his own experiments on the growth of single crystals France ^ 
concludes that “ the theories of Niggli, Valeton, and Spangenberg are 
generally acceptable It seems difficult, however, to reconcile this state- 
ment with France’s own experimental results. J. J. P. Valeton assigned 
to each type of face a specific growth velocity (solely dependent on its ionic 
structure and independent of its size and the sizes of adjacent faces), and 
supposed that the rate of growth on a face was determined by (a) its specific 
growth velocity and (6) the speed at which ions can diffuse to the face. 
P. A. Paine and W. G. France measured Vioo/^^iii potassium alum and 

28 F. D. Miles, Proc. Roy. Soc., 1931, A, 132, 266. ^ Naturwiss., 1944, 32, 77. 

28 F. Gille and K. Spangenberg, Z. Krist., 1927, 65, 204. 

2^ K. Spangenberg, Jahrh. Min.y 1928, 67, 123. 

22 W. Schnorr, Z. Krist., 1928, 68, 1. 

28 A. Neuhaus, ibid., p. 10. ** E. Ernst, ibid., 1937, 96 , 38. 

88 K. Spangenberg, “ Handworterbuchder Naturwiss.,*’ Jena, 2nded., 1934, 10, 372. 

8* H. Morgenstem, Z. Krist., 1938, 100, 221. 

8’ Ibid., p. 82. 88 1924, 59, 135, 336. 

»• J, Phyaical Chem., 1936, 39 , 426. 
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found that it varied with the degree of stirring, increasing from 1*61 in 
unstirred to 1-75 in stirred solution. This they explained as duetto the 
increased rate of diffusion, though it is not clear why this should favour 
rather than, for example, increase both and The explanation 

of the results for ammonium alum appears even more unsatisfactory. G. W. 
Bennett and W. G. Trance determined as 1-53 for ammonium 

alum growing in pure solution, under conditions of constant humidity. 
(They state that the normal form of the crystals is an octahedron with 
small cube faces.) M. E. Lash and W. G. France then grew small cubes 
of the salt in a solution containing a dye and measured ^hoo/^iii further 
growth in pure solution. They obtained the value 2*32, though it is not 
stated how constant this ratio remained with time. The following state- 
ments are then made : “It might be expected that this ratio would be 
different if instead of a normal crystal with octahedral faces present, a seed 
crystal having only cube faces was used. Due to the large area of the cube 
faces compared to that of the octahedral faces, the velocity of their per- 
pendicular displacement should be greater. . . . This more rapid growth 
of the cube faces is to be expected 'on the basis of the theory of crystal 
growth advanced by Niggli.^^ The cube face of the alum crystal has a 
higher growth velocity than the octahedral : hence if the cube faces are the 
only ones present, as in the case of the cubic crystal, their perpendicular 
growth will be more rapid than normal until they are reduced to their usual 
area or disappear entirely.” Here France accepts the view tliat ^loo/^iii 
is not a constant for ammonium alum but dej^ends on the relative areas of 
cube and octaliedral faces present. This is clearly not consistent with the 
sim])lo theory of Valeton, and suggests that it would be worth while to 
measure this ratio for crystals with different pro])ortions of cube and octa- 
hedron faces, and under well-defined conditions of growth, in order to see 
cxa(;tly what factors do determine its value. 

The above results are also not in agreement with the earlier findings of 
Bentivoglio,^ who grew crystals of various double sulphates and neutral 
tartrates and found : (1) that similar faces of a simple form grow at the 
same rate, even when of different sizes (hence a misshapen crystal, such as a 
flattened octahedron or cube, if grown larger under uniform conditions 
tends towards but never attains the ideal shape with equal faces), and (2) 
if faces of more than one type are present they grow at different rates which 
are characteristic of the different kinds of face. It was also concluded that 
like faces grow at the same rate except when adjacent to a large face of 
another fast-growing form, which causes impoverishment of the solution 
in its neighbourhood and destroys the uniformity of the conditions. It 
would seem that Bentivoglio’s experiments were on the right lines in that 
the crystals studied were those which in normal growth develop faces of 
more than one type. It is apparently still not known whether is in 

J. Amer. Ceramic Soc., 1028 11 , 571. J. Physical Chem.y 1930, 84 , 724. 

** P. Niggli, Z, anorg, Chem., 1920, 110 , 55. 
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fact a constant independent of the area of {hkl). In Bentivoglio’s exj>eri- 
ments a saturated solution was simply allowed to cool in a uncontrolled 
way, and growth was fairly rapid. 

W. Nemst supposed the rate of growth of a crystal to be governed 
solely by diffusion processes, the solution in contact with the crystal being 
exactly saturated. H. A. Miers,^^ however, actually measured the con- 
centration of solute in the solution in contact with a face of a growing crystal 
of sodium chlorate, using the crystal itself as a prism, and showed that the 
solution was definitely supersaturated. In the later theories of crystal 
growth some relation has generally been assumed between rate of growth 
and degree of supersaturation of the solution near the crystal face. A more 
recent study goes a stage further in measuring the variation in the degree 
of supersaturation over a single face of a growing crystal. Briefly the 
method is as follows. A thin platy crystal, surrounded by supersaturated 
solution, is enclosed between two half-silvered glass j)lates forming a wedge 
of very small angle. The faces to be studied are approximately normal to 
the mirrors. This system is illuminated by parallel monochromatic light 
at normal incidence, interference fringes being formed. These fringes are 
straight if the light has passed through the solution far from the crystal, 
but are curved in the vicinity of the crystal, owing to changes in the refractive 
index of the solution around the growing crystal. The fringes are photo- 
graphed at intervals and from the deviations of the fringes from straight 
lines it is possible to calculate the refractive index of the solution at any 
point. From a knowledge of the way in which the refractive index varies 
with concentration, the concentration of the solution at any point around 
the crystal can be calculated. It was found that the concentration varies 
across a crystal face, being least at its centre. Even at the centre of the 
face the solution was still supersaturated to a small degree. Berg attempted 
a detailed analysis of the concentration gradients over a crystal face and 
concluded that the supply of solute arriving at the face from the solution 
was deficient near the edges of the face so that, since the face does remain 
plane, movement of solute in an adsorbed layer across the face must take 
place. It seems open to question whether studies of growth under these 
conditions (gradual exhaustion of a supersaturated solution) are the most 
satisfactory line of attack. In some of Berg’s experiments, for example, 
faces of the same crystallographic type on the same crystal, which were in 
contact with solution of the same degree of supersaturation, grew at different 
rates. This anomalous behaviour was attributed to the presence of traces 
of impurity. A very small alteration in the concentration gradients around 
a crystal growing in stagnant supersaturated solution is sufficient to alter 
the mode of growth of a crystal in a radical way. A more fundamental 
objection to this type of experiment is perhaps the fact that the observed 
concentration gradients are the result of the crystal growing in the way it 
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does (i.e., at different rates in different directions) so it is difficult to see 
exactly what information can be obtained from the experiment. The 
importance of eliminating diffusion effects is illustrated by the experiments 
of A. Papapetrou on dendrites of potassium chloride. The low con- 
centration at the centres of the cube faces gave rise first to “ inverse vicinal 
faces and then to dendritic growths growing out from each corner of the 
cube. 

(3) The Effect of Impurities on Crystal Habit . — A considerable amount 
of work has been done on the effect of dyes on the habits of crystals. The 
experimental fact is that a large number of dyes of the most diverse types, 
when added to solutions of certain inorganic salts in very small quantities, 
produce striking changes in the habits of the crystals growing from the 
solutions. References to the earlier work are given by H. E. Buckley and 
W. Cocker.'*'^ Recent work in this field has been reported in two series of 
papers, by Buckley in this country and by France in America. The work 
of H. E. Buckley was qualitative, in the sense that crystals of the salts 
were grown from solutions containing different amounts of dye and the 
habit-modifying efficacy was assessed from visual estimates of the relative 
importance of forms of different kinds. In a recent review of his work 
Buckley attempts to correlate the properties of the dye molecules with their 
habit-modifying power. From his results on oxy-salts such as potassium 
sulphate, chlorate, and perchlorate, he concluded that any large molecule 
containing a SO 3 " group, if this is not ortho to a diazonium group or occupy- 
ing the jpen-position in a naphthalene nucleus, will function as a habit- 
modifier. The COO“ and OH groups are less effective, and the effect of 
dyes like Bismarck- brown and methylene- blue seems to be specific to a few 
crystals only. When there are two (or more) SOg" groups in the same 
molecule the effect depends on their relative positions. In some cases there 
appears to be a rough correlation between the overall size of the dye mole- 
cule and its efficiency in causing habit changes. In view of the complex 
structures of these dye molecules it seems unlikely that any detailed inter- 
pretation of these results is at present possible, particularly as the habit- 
modifying power ” is not a well-defined measured quantity. A further 
complication is the complex nature of dye solutions. Studies of absorption 
spectra of methylene-blue solutions Indicate that they contain mixtures of 
various polymers, particularly at higher concentrations. 

France and his co-workers have made extensive studies of habit 
modification by impurities in aqueous solution, and France has published 
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a review of this work.^ This has been mainly concerned with the 
mechanism of adsorption of foreign substances at the crystal-solution 
interface during growth and with the habit changes resulting from such 
adsorption. He has attempted to discover both how the adsorbed particles 
are held on the crystal and the nature of the forces responsible for the 
adsorption. Experimental methods used include (a) the measurement of 
changes in growth ratios due to adsorption, (b) the correlation of crystal 
structure with habit modification, (c) X-ray and electron- diffraction studies 
of crystals containing dyes that have modified the habit, (d) the determin- 
ation of the quantity of dye adsorbed by growing crystals, and {e) the effect 
of the molecular structure of the dyes on their adsorption by crystals. The 
work was started on potassium and ammonium alums and later extended 
to sodium, barium, lead, and lithium nitrates, sodium bromate, potassium 
chloride, bromide, and sulphate, sodium sulphate, cuj)ric acetate, urea, 
and citric and tartaric acuds. Some of this work is qualitative and some 
quantitative, a ];>hotographic record of the growth of the single crystal being 
used to determine the relative growth rates on the different faces. Some of 
these measurements have been discussed in Section 2. France concludes, 
rather comi)rehensively, that the adsorption of a foreign substance by a 
growing crystal is dependent on (n) the lattice structure of the host crystal, 
(b) the residual valency force fields, (c) the ionic structure of the crystal 
face, and {d) the presence, size, shape, j)osition, and orientation of polar 
grou]3s within the foreign molecule. As regards the detailed behaviour of 
particular dyes, however, there does not appear to be complete agreement 
between different workers. 

C. Frondel has studied the effect of 112 dyes on the habits and optics 
of LiE, NaF, NaCl, KCl, KBr, and KI. He found that there was adsorption 
on (111) in a few cases, but in general if the dye was adsorbed at all it was 
adsorbed on (100). He concludes that the mechanism suggested by Buckley 
for habit modification of crystalline oxy-salts by dyes cannot apply here, 
in view of the lack of common structural units in the halide and dye. Also, 
the adsorption on cube faces (with equal numbers of positive and negative 
ions) rather than on octahedron faces is unexpected, but no explanations 
are suggested. This paper contains a very useful list, with references, of 
all recorded cases of change of habit caused by an impurity in solution. 
Frondel has also investigated the effect of 143 impurities on the habit of 
sodium fluoride crystals grown from aqueous solution. He places the salts 
in two classes. Those which provide hydroxyl ions (NaOH, Na 2 C 03 , NaCN) 
are said to function owing to the substitutional adsorption of hydroxyl for 
fluorine ions in the surface of the growing crystal. Other salts, such as 
Na 3 P 04 , which form crystalline double salts with sodium fluoride, are 
supposed to form a two-dimensional, essentially crystalline double-salt 
phase '' on the surface of tlie sodium fluoride crystal. The habit change is 
then attributed to the fact that the double-salt formation takes place pre- 
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ferentially on those planes of the sodium fluoride crystal which are struc- 
turally related to some plane in the crystalline salt (compare the views of 
Bunn and Royer, Section 4). 

F. D. Miles ^ studied the effect of colloidal materials (dextrin and gum 
arabic) and some dyes on the crystallisation of lead chloride, bromide, 
iodide, and azide. Points of interest include the formation of sphenoidal 
crystals of the chloride, attributed to the selective effect of the dextrin on 
one of the two sets of holohedral faces, leading to hemihedral development, 
and of spherulitic growths at higher dextrin concentrations. Considerable 
amounts of colloid are adsorbed by lead azide and other salts, up to 10% 
by weight in the case of lead azide. Ajiparently up to 4 — 5% of dextrin 
can be taken up by crystals which still appear to be single crystals when 
examined microscopically, but higher concentrations give spherulitic 
aggregates. X-Ray examination showed that the lattice spaeings of the 
salts are unaffected by the introduction of the colloid, and it was concluded 
that the crystals were skeletal growths of crystallites, in nearly the same 
orientation, with layers of colloid between them. The influence of dextrin ^ 
or gelatin on the habit of lead iodide is negligible. This salt always 
forms thin hexagonal plates, though these colloids certainly retard nucleus 
formation. In the case of lead azide the a-form is normally precipitated 
in aqueous solution, but if 0-02% of eosin is present the lead azide is 
precipitated in the fi-form. 

The habit of ammonium dihydrogen phosphate crystals is modified by 
the addition to the solution of various ions (Sn^' , Cr^^, Fe^^, etc.) The 
normal habit is the tetragonal prism {100} terminated by (lOl). These ions 
prevent deposition on the prism faces and cause replacement of the terminal 
pyramid faces by tapering “ faces ”, the angle of taper varying, for a given 
foreign ion, with its concentration. At high concentrations of foreign ion, 
growth on the seed crystal stops completely. An attempt was made to 
correlate the degree of tapering with the solubility product of the metallic 
hydroxide, data on the phosphate solubilities being scafee. The problem 
is, however, more complex, for the degree of tapering depends also on the 
degree of agitation of the solution and on the rate of growth of the crystals. 
Moreover, any simple explanation in terms of adsorption cannot account 
for tapering, because the total surface area of a tapered crystal is the same 
as that of a larger crystal of normal shape, i.e., the impurity has not altered 
the relative areas of prism and pjnramid faces, as is usually the case with 
adsorbed impurities, but the way in which the layers terminate. In a 
preliminary study of the modification of the habit of ammonium oxalate 
monohydrate by foreign ions, tapered crystals were also obtained.^® The 
effect of foreign ions (Fe®^ Ni^^, Co^^*, etc.) on the habits of ammonium 
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chloride and bromide has been studied by J. J. Tilmans.^® According to 
K. N. Ozerov,®® the habits of natural corundum crystals can be related to 
the type of rock (acidic or basic) with which they were associated. 

(4) Oriented Overgrowths . — The formation of oriented overgrowths of 
one crystal on another has always been of interest in connection with iso- 
morphism. If we describe as isomorphous crystals with the same number 
and arrangement of atoms in the unit cell {e.g., all compounds with the rock- 
salt structure) then it is clear that further conditions must be satisfied if 
the crystals are to form (a) solid solutions, or (6) oriented over-growths. 
For solid-solution formation there must be fairly close correspondence 
between interatomic distances in the two structures and also the chemical 
properties of the substances must be similar. [We should, perhaps, remark 
that solid-solution formation does not necessarily imply that the components 
are isomorphous — witness CaFg and YF3, AgBr (rock-salt structure) and 
Agl (zinc-blende structure).] The conditions for the formation of oriented 
overgrowths are less stringent. If two isomorphous compounds are very 
similar chemically and the size factors are very favourable, as in the case 
of potassium aluminium and potassium chromium alums, complete over- 
growths of one component on the other are possible. In the case of calcite 
and sodium nitrate, solid solutions are not formed but oriented (isolated) 
crystals of the latter may readily be grown on a fresh cleavage surface of 
calcite. These are examples of overgrowths of isomorphous substances. 
However, compounds with quite different structures can form oriented 
overgrowths. Thus if in the crystals of oxy-compounds the arrangement 
of the large oxygen ions is similar in certain })lane8 of the two crystals, the 
structures of which are in other respects quite different, then crystals of the 
one substance may grow on certain faces of a crystal of the other (compare 
the growth of sodium nitrate on mica. Section 6). More striking examples 
were given by L. Royer, who showed that whereas non-ionising substances 
such as naphthalene and anthracene would not form oriented overgrowths 
on crystals of rock-salt, lead sulphide, calcite, or mica, yet organic compounds 
which can ionise in solution can form such overgrowths. For instance, 
quinol (hexagonal modification) and jpp'-dihydroxydiphenyl grow as 
oriented crystals on calcite or sodium nitrate. A two-dimensional corre- 
spondence between the two crystal structures in certain planes is usually 
supposed to be a necessary condition for such overgrowths, though little 
is known of the detailed structures of many of these complex organic 
compounds.®^* 

Many examples of oriented overgrowths have been discovered or re- 
studied in systematic studies carried out in recent years, of which the follow- 
ing are typical. Alizarin and other anthraquinone derivatives form oriented 
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overgrowths on crystals of zinc, antimony, and lead sulphides,®® and attempts 
have been made to relate the molecular structure of the organic material to 
the structure of the supporting crystal. Alizarin also forms oriented over- 
growths on (100) of sodium chloride and other alkali halides, (1011) of 
sodium nitrate and calcite, (1121) of sodium nitrate, (111) of fluorspar, and 
(001) of mica.®® Oriented overgrowths of p-silver iodide on silver bromide 
have been produced.®*^ Thiourea and urea form similar oriented overgrowths 
on mica, and the former grows in an oriented manner on zinc sulphide, sodium 
chloride, and antimony sulphide. Urea does not form oriented overgrowths 
on these sulphides.®® Bromanil orients on metallic silver (100) and on 
sodium chloride (100),®® while chloranil and anthracene form regular inter- 
growths.'^® 

A number of workers have emphasised the close connection between 
adsorption of impurities on crystal faces, leading to modification of habit, 
and the formation of oriented overgrowths and mixed crystals. Under 
appropriate conditions an impurity may bo incorporated into the body of 
the crystal, as in the case of the birefringent cubes of sodium chlorate con- 
taining thiosulphate, or of ammonium chloride containing urea. These 
“ adsorption bodies ’’ are generally unstable, and the impurity gradually 
migrates out of the crystal, a phenomenon also observed with some '' super- 
saturated mixed crystals. C. W. Bunn supposed that there would bo 
greatest modification of crystal habit where there is very strong similarity 
of specific lattice planes but complete dissimilarity of the rest of the 
structures, and supported the argument by showing a metrical correspond- 
ence between the atomic arrangement in, for example, a (100) face of 
ammonium chloride and (001) of urea, and by showing that oriented over- 
growths of urea could be formed on cube faces of ammonium chloride. 
Although there is obviously a connection between the formation of oriented 
overgrowths and habit modification, it seems unlikely that this static i)icture 
requiring correspondence between the atomic arrangement in certain planes 
of the host crystal and of the crystalline habit-modifying impurity is true 
for all the numerous cases of habit modification. Adsorption of the im- 
purity as isolated ions or molecules would appear to be sufficient to affect 
the rate of deposition on a crystal face, and provided the average population 
of adsorbed particles on one face at any time is different from that on 
another, modification of habit is to be expected. As soon as a crystal of 
the adsorbed substance is formed (overgrowth) then interatomic distances 
in the crystalline impurity become relevant. It is by no means certain, 
however, that exact correspondence of the two structures in one plane is 
necessary, for we may imagine the overgrowth anchored to the substrate 
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only along lines, or even at points. In any case, the picture of two crystals 
fitting perfectly together over a plane surface of union is probably far from 
the truth, as will be evident from the remarks in the next section on the 
probable structure of actual crystal faces. 

(5) The Perfection of Internal Structure and Faces of Crystals, — The 
concept of the mosaic structure of crystals was introduced by Darwin in 
1914, since when it has been discussed in a large number of papers, particu- 
larly in the Zeitschrift fiir Kristallographie (1934, 89). Although a detailed 
discussion of mosaic structure is not possible here, it is relevant to consider 
its origin in terms of the mechanism of crystal growth. A difference between 
the lattice parameters in the surface layers of a crystal and in the interior 
(the Lennard-Jones effect) was postulated by F. Zwicky and later calcul- 
ated by J. E. Lennard-Jones and B. M. Dent As the size of a crystal 
is reduced the volume of the external layers increases in proportion to the 
volume of the whole crystal, so that for very small crystals it becomes 
justifiable to speak of the parameter of the crystal as a whole, this being a 
mean value. It was shown that the parameter of very small crystals 
must be greater than normal in the case of ionic crystals but less than normal 
for homopolar crystals. This elBFect has been verified experimentally for 
certain metals (nickel, copper and iron ’'^). As a crystal grows, the 
external layers become internal ones and in the process the interatomic 
distances therefore require readjustment. This readjustment can only go 
to completion if the mean thermal energy of the atoms or ions of the lattice 
is sufficient to enable them to adopt their equilibrium positions. If this 
does not happen, however, the deviation of the structure from the ideal 
cannot continue indefinitely. At some time the formation of a new nucleus 
will be more advantageous from the energy standpoint, and therefore more 
likely, than the further growth of the existing crystal with the deformed 
lattice. Thus the growth of the first crystal ceases and the new unstrained 
crystal begins to grow, i.e,, the crystal growth is intermittent and leads to 
a structure consisting of separate (mosaic) blocks. The intermittent nature 
of the crystallisation of metallic crystals has been confirmed in the case of 
crystals grown from the vapour and deposited electrolytically. Photo- 
micrographs of electrol 3 d}ically deposited nickel, cobalt,®^ copper, 
etc., show a layer structure, the individual layers having a thickness of 
around lO"* cm. According to R. Suhrmann and H. Schnackenberg,®® the 
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energy of activation U of the ordering process (the readjustment mentioned 
above) ranges from 150 cals. /g. -atom for bismuth to 800 cals. /g. -atom for 
nickel, and is very much less than for processes involving change of place 
of atoms in the crystal. The number of atoms n capable of passing from 
states of non-equilibrium to states of equilibrium, when their total number 
is N, will be given by w ~ If crystallisation takes place at a 

temperature T^U fh (the temperature of rest) then deformation of the 
lattice should not occur. It is also necessary that the rate of crystallisation 
be not greater than the rate of the ordering process. M. Renninger ^ showed 
that in crystals grown from the melt by the Kyropoulos method there is 
no pronounced mosaic structure, in contrast to natural crystals of rock-salt. 

V. S. Joffe distinguished three types of stress in real crystals. Stresses 
of the third kind arise, and are counterbalanced, within a particular mosaic 
block, owing to the difference between the parameters of the internal layers 
and the surface layers. Stresses of the second kind arise because contiguous 
external layers of neighbouring blocks have different parameters, for the 
plane at which the growth of one crystal block finishes (hence that farthest 
removed from the state of equilibrium) touches the plane at which growth of 
the next block commences (hence the plane nearest to the state of equil- 
ibrium). These stresses are also counterbalanced locally. Just as a single 
mosaic block is built up of layers, so the whole crystal is built up of mosaic 
blocks, and Joffe supposes that if is the parameter of the internal layers 
and Ug that of the free surface of the crystal, then the parameter Ui of the 
internal surface of the crystal will have some value intermediate between 
and Og- ionic crystal and for a homopolar or metallic 

crystal Uo<C®i<C^ 2 - analogy with the stresses of the third kind there 
should arise stresses of the first kind, counterbalanced within the limits of 
volumes comparable with the volume of the whole crystal. These stresses 
would be oriented and capable, on reaching a certain magnitude, of causing 
splitting or disruption of the crystal. Hence, on reaching a certain size a 
mosaic crystal should become mechanically unstable, and disruption of 
large crystals grown from solution has been observed.®® It would therefore 
be of some interest, as has been pointed out elsewhere in another connec- 
tion,®^* ®®> ®® to have information about the largest known crystals of 
different substances, particularly if the maximum size could be correlated 
with the mode of growth and degree of mosaic structure. It is interesting 
that in a number of cases it has been shown that if an impurity is added 
to the solution much larger crystals can be grown. Joffe suggests that 
many of the abnormal types of crystal growth should be explicable in terms 
of his picture of real ” crystals. A detailed description of many types of 
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abnormality has been given by D. B. Gogoberidze.®^ According to F. 
Bemauer the bifoliate type of spherulite arises by growth in the direction 
of the long axis of the crystal at a constant rate accompanied by splitting 
at a constant angular velocity. 

In the above picture a real crystal, grown at too low a temperature, is 
in a metastable condition and not in true thermodynamic equilibrium. 
In contrast to this, D. Balarew has developed a theory of “ growth con- 
glomerates ”, based on two postulates : first, that a crystal with perfect 
surfaces and possessing edges and comers can never be in thermodynamic 
equilibrium with its environment, and second, that a large j)erfect crystal 
must pass over spontaneously into one with mosaic structure. He supposes 
that definite conditions of crystallisation give rise to a particular crystalline 
conglomerate and that the intermittent growth of crystals leads to a growth 
conglomerate comprising separate layers which is in thermodynamic equi- 
librium. The theory appears to be founded on a misinterpretation of the 
Thomson-Gibbs equation as applied to crystals. For a liquid, this equation, 
viz., Pr ^ relates the vapour pressure of a droplet of radius r 

to the surface free energy per unit area (a), molecular volume (V), and the 
vapour pressure of a plane liquid surface. When this is applied to a crystal, 
r becomes the central distance of the plane face (distance from the Wulff 
point”), but Balarew®^ assumes it to mean the radius of curvature and 
regards corners and edges as having very great curvature, ‘‘ of atomic 
dimensions The theory that crystals grow or dissolve block by 
block ” seems to rest on very doubtful experimental evidence. For example, 
in one of his experiments Balarew claims to show that the solubility of 
gypsum depends on the direction of the stirring.®^ As I. N. Stranski ®® 
points out, in a critical review of Balarcw’s work, it is difficult to imagine 
how the forces between blocks of the size suggested (some 10”^ cm. side) 
could be adequate to orient the blocks in the formation of a single crystal, 
and moreover the mode of formation of the blocks has not been explained. 
Further references are given to Balarew ’s work.®^ 

The shape of a crystal may, for many purposes, be described as a convex 
polyhedron, and it was the perfection of many crystal faces which made 
possible the development of crystallography as a science. However, there 
are many ways in which crystals depart from the above description. First, 
there are the cases in which the crystal is still essentially a convex polyhedron 
but (a) the simple faces are replaced by vicinal faces, {h) the “ face ” is 
actually formed into ridges caused by the alternation of faces of two types, 
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(c) the crystal is tapered, {d) the whole face is curved, or (e) there are localised 
imperfections on an otherwise plane face. The last three phenomena appear, 
at least in many cases, to be associated with the presence of impurities in 
the solution, as, for example, in the case of the low conical hillocks on (Oil) 
faces of potassium perchlorate crystals grown in the presence of certain 
dyes.®® The same phenomenon may be observed on the tetrahedron faces 
of sodium chlorate crystals grown from solutions containing sodium thio- 
sulphate. In the second large group come the more radical departures 
from normal growd;h as a single crystal, such as spherulitic, dendritic, and 
twinned structures. If a solution of sodium carbonate is allowed to diffuse 
slowly into a gel containing barium chloride (prepared from commercial 
gelatin and allowed to set) the precipitation of the barium carbonate takes 
place in layers, and a variety of crystal forms is observed. These range 
from needles, through “ sheaves to spherical aggregates. The structures 
and optical properties of these spherulites have been studied recently in 
some detail, particularly by H. W. Morse and his co-workers.®® The growth 
of the practically spherical aggregates and of the intermediate forms can be 
accounted for if it is postulated that crystallisation radiates from a central 
nucleus in a limited solid angle only. It is assumed that growth is fastest 
in one direction, that every point at the surface of the growing cone of 
fibres can act as a new starting point for further radiating growth, and that 
the spatial extent of the latter is controlled by the possible angle of aperture 
of the cone and by the mechanical obstruction of the existing fibres. As 
growth proceeds, new fibres radiate from points reached by those formed 
earlier. The sheaf then opens out in fan-like manner until an approximately 
spherical shape is reached, when presumably the process stops owing to 
exhaustion of material in the environment. A somewhat similar explan- 
ation has been given for the two-dimensional spherulites of substances 
such as malonamide and resorcinol grown between glass plates. Between 
crossed Nicols the three-dimensional spherulites show in parallel light an 
interference figure similar to that of a uniaxial crystal cut perpendicular 
to the optic axis and viewed in convergent light. 

In considering the genesis of twin crystals, which he classifies into growth 
tAvins, transformation twins and gliding twins, M. J. Buerger ^ emphasises 
the close relation of twinning to polymorphism, and suggests that growth 
twinning is more likely, other things being equal, the greater the degree of 
supersaturation. Thus the condition causing supersaturation twins is most 
likely to arise just once — as the crystal nucleus forms — and not again, so 
that nuclei super saturation twins are often characteristically simple pairs. 
This simple treatment does not account for the extraordinarily regular 
structure of some lamellar twins, such as those of potassium chlorate grown 

H. E. Buckley, Z. Krist., 1934, 89 , 221. 

« Bull, Soc.frang. Min,, 1931, 64 , 19; Amer. J. 8ci„ 1932, 23 , 421, 440; 1933, 25 , 
494; dmer. Afm., 1933, 18. 66; 1936,21, 391. 

B. Popoff, Latv, Farm. Zum., 1934, 1. 

1 Amer, Min,, 1945, 80, 469. 
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from supersaturated solution. To quote R. W. Wood,^ a plate which 
starts with twin planes 0*0002 mm. apart apparently builds up seven hundred 
laminae of the same thickness, while another plate starting with a different 
‘ grating constant ’ sticks to it to the end.” In other words, after a distance 
corresponding to some 300 unit cells, the orientation of the crystal changes, 
and this change takes place regularly at intervals of about 2000 a. 

In a paper on the surface motion of particles in crystals and the natural 
roughness of crystal faces J. Frenkel ^ begins by pointing out that vicinal 
faces with very high indices arc not to be regarded as planes of high specific 
surface free energy (compare Miers’s paradox,'*^ that the faces actually 
present on a growing crystal of alum are those with very low densities of 
atoms per unit area), as is often assumed to be the case. In fact they con- 
sist of steps, the flat portions of which are planes of low indices [e.g., (Ill) 
in the case of the vicinal faces on alum]. For the two-dimensional analogue, 
a staircase-like line with identical steps n units in length and 1 unit in 
height, the additional free energy per unit length is simply Nw, where w is 
the additional energy per step and N = l/a/i (l/a)tan<^, a being the 
lattice constant and ^ the angle of inclination of the vicinal face to the basic 
face. Thus a — cr^ + wN = <Tq -}- vSince the surface free energy 

of the vicinal face is only slightly greater than that of the basic face it 
follows that the surface of a crystal in statistical equilibrium consists, not 
of a plane surface, but of a scries of vicinal faces which arise spontaneously 
as the result of thermal fluctuations. This fluctuating roughness can bo 
characterised by the ratio x/a where X is the mean length of the separate 
steps. Assuming Xp>a, it is found that X/a = To account for 

the variations in the areas of the terraces it is suyjposed that atoms can 
move freely over the horizontal portion of each terrace without interaction 
one with another. With respect to the “ plane gas phase ” adsorbed on a 
given terrace, the next terrace, lying at a higher level, plays the r61e of the 
condensed phase, and there exists a continuous exchange of atoms between 
the two plane phases, leading to fluctuations in the areas of the separate 
terraces. This concept is further extended to the edges of the terraces, the 
atoms linearly adsorbed on the rectilinear portion of each edge behaving as 
a kind of linear gas, so ensuring the possibility of a reshaping of the outlines 
of the separate terraces without changing their areas. The growth of 
a crystal is visualised as taking place by the random deposition of particles 
on the growing face, in general on the flat portions of the atomic terraces, 
thereby passing into the two-dimensional gas phase. Later, some of them 
become attached, still in a perfectly random way, to the vertical steps 
bounding the terraces (passing thus into the one-dimensional gas phase), 
and they move along until they become firmly attached at an angle (corner), 
as in the Kossel picture. This generalisation of the Kossel-Stranski theory 
is also applicable to vaporisation, dissolution or melting, when the above 
processes take place in the reverse order. A mechanism of this type has 


* PhU, Mag.y 1909, 18 . 636. 
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been suggested by P. Liikirsky ^ to account for the development of vestigial 
crystal faces on the surface of a crystalline body ground initially in the form 
of a sphere, and subjected to more or less prolonged heating. 

It might at first sight appear that certain observations on the move- 
ment of layers across the faces of growing crystals are in conflict with the 
above picture of crystal growth. Observations of the interference colours 
of thin crystals of m-toluidine ® indicate layers only a few molecules 
thick. The layers mentioned by C. W. Bunn and H. Emmett must have 
a thickness of the order of the wave-length of visible light (some 10® atoms 
thick). They are observed only towards the edges of faces and presumably 
are the result of thin layers overtaking one another. Observations have 
also been made on layers spreading across faces of growing crystals of alkali 
halides,® and interpreted as supporting the Kossel-Stranski theory of the 
growth of ionic crystals. M. Volmcr ® has commented on the interpretation 
of some of these experiments. It seems likely that the above effects are 
observed only under conditions (e.g., of rapid growth from supersaturated 
solutions) such that external factors — concentration gradients and diffusion 
effects — are important, and that they are not relevant to the case of a 
crystal growing slowly in a well-stirred solution. The former conditions, 
and also the presence of suitable impurities in certain cases, are known to 
lead to the formation of vicinal or curved faces, or tapered crystals. In all 
these cases the surface is not a normal face but the contour of the edges of 
layers, and the different types of divergence from normal plane faces of low 
indices re])resent different relations between the rate of spread of layers and 
the frequency of initiation of new layers. 

S. Tolansky has studied the topography of crystal faces by means of a 
multiple beam interferometric method. A highly reflecting film of silver 
about 500 A. thick is deposited on the crystal face, which is placed near, 
and parallel to, an optical flat of quartz. Interference fringes are produced 
using a parallel beam of monochromatic light at normal incidence, and they 
show many interesting features of the structure of the crystal face. Ex- 
amination of a (100) face of quartz, of high optical quality, showed the face 
to consist — not of a simple j)lane surface — but of vicinal faces inclined at 
angles varying from 0-50 to 9-00 minutes of arc and mostly curved, with 
radii of curvature from. 20 to 60 metres. There were also sub-microscopic 
tetrahedral projections about 450 A. high, which may represent nuclei from 
which subsequent growth would have started. A study of cleavage surfaces 
of mica and selenite 12 showed steps on the surface of the former down to 
40 A., all the steps being multiples of 20 A., the c spacing of mica as determined 
by X-ray diffraction. These steps are presumably the same as those in- 

* Compt. rend, Acad. Sci. U.R.S.S.y 1945, 46 , 300. 

® R. Marcelin, Ann. PhyaiquCy 1918, 10 , 185. 

® L. Kowarski, J. Chim. physique, 1935, 82, 303, 395, 469. 

7 Nature, 1946, 158 , 164. » Z. Gyulai, Z. Krist., 1935, 91 , 142. 

® “ Kinetik der Phasenbildung,* ** p. 55. Proc. Roy. Soc., 1945, A, 184 , 41. 

u JS. Tolansky, ibid., p. 51. Idem, ibid., 1946, A, 188 , 261, 
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ferred to exist on some mica surfaces from experiments made by Friedel on 
the orientation of ammonium iodide crystals on such surfaces. 

(6) Miscellaneous. — (a) Nucleus for'tnation. It is not possible to review 
here all the work done in the last few years on supersaturation and nucleus 
formation. The early work of Miers and others appeared to support 
Ostwald’s view that at a given temperature there is a definite concentration 
below which crystals are not formed spontaneously (it being x>ossible to 
maintain the solution indefinitely in this metastable state), whereas at 
higher concentrations spontaneous crystallisation occurs. The experi- 
ments of Miers, from which the actual “ super solubility ” curve, between 
the metastable and labile regions, was plotted, only show that under the 
conditions of these experiments there was a fairly sharp boundary between 
the concentrations at which nucleus formation took place rapidly or fairly 
slowly. Later work showed that the area of the “ metastable ’’ region can 
be reduced by increasingly vigorous stirring or by the presence of foreign 
solid particles. Comparable results were obtained with melts, though in 
some cases if the rate of cooling is very great nuclei are not formed but a 
glass results. Although far less importance would now be attached to the 
precise position of Miers’s su2)ersolubility curve, since this has been shown 
to depend on the experimental conditions, it is generally agreed that just 
below the saturation point there is a region in which the probability of nucleus 
formation is small (“ metastable region), but that this probability in- 
creases rapidly beyond a certain degree of suj^ersaturation. For a super- 
cooled liquid L. C. de Coppet gave a simple kinetic explanation. 

In technical crystallisation processes it is imj^ortant to avoid excessive 
formation of nuclei on cooling surfaces. ilaj)id agitation does not over- 
come this difficulty as mechanical shocks cause nucleation in the body of 
the solution. One way in which this has been overcome is to carry out the 
suj^ersaturation in one jjart of the apparatus and to allow crystal growth 
to take place in another vessel containing seed crystals, as in the Oslo 
crystaUiser.^^* The supersaturation of the solution travelling from the 
evaporator is insufficient for apj^reciable nucleus formation to take place 
but, of course, sufficient to cause growth of the seed crystals in the crystal- 
lising com2)artment. A kinetic derivation of the rate of nucleus formation 
from the vapour state has been given by I. N. Stranski and R. Kaishev.^*^ 
Nucleus formation in supersaturated solutions can apparently be very 
capricious. For example, it was found in some •exj)eriments that by intro- 
ducing seed crystals at the saturation temperature and then cooling, growdh 
first occurred only on the seed crystals, then at a lower temperature a few 
new nuclei appeared, but only at a still lower temperature did nuclei form 
in large numbers throughout the solution.^*^ Such effects are, however, 

Ann. Chim. Phys., 1907, 10 , 457. 
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very dependent on the size and total number of seed crystals, rate of cooling, 
speed of stirring, etc. Some recent papers on supersaturation and nucleus 
formation in solution arc noted. Brief reference only can be made to 
other recent work on crystallisation or recrystallisation processes. From 
studies of the kinetics of the crystallisation of sucrose solutions, A. van 
Hook concludes that the rate of growth of the crystals is determined 
lu’imarily by some interhxcial reaction rather than an interboundary re- 
action, i.e., that processes occurring at the crystal face (orientation and 
incorporation of molecules into the crystal) are more important than 
diffusion under the conditions of his experiments. The effect of added 
impurities was also studied. The rate of crystallisation from super- 
saturated solutions of sodium sulphate has been studied. According to 
W. Lotmar ,22 thin films of antimony deposited in a vacuum are originally 
amorphous, and crystallise spontaneously only if the film thickness exceeds 
a certain critical value. The growth of crystals during electrodeposition 
is considered in a theoretical paper by K. M. Gorbunova and P. D. Dankov,^^ 
and the growth of crystallites in supercooled liquid thymol by G. G. 
Jjaenimlein.24 p. Laurent has derived formulae for the number of nuclei 
formed at a given time and for the velocity of crystallisation in allotropic 
transformations. The crystallisation of salts from thin films of solutions 
spread on mercury has been investigated by H. Devaux.^^ 

(b) Technique of growing single crystals. There has been a number of 
papers concerned with the technique of growing largo single crystals, as 
opposed to studies of the way in which the crystals grow (Section 2). They 
describe modifications of well-known methods. In order to obtain large 
crystals (up to 200 g.) of Rochelle salt with preferential development along 
the y and z axes, crystals may be grown between glass plates in a solution 
which is cooled from 30 at the rate of \ — 1° per day.^"^ Large crystals of 
potassium dihydrogen phosphate and alkali halides may also be grown 
from aqueous solution. Single crystals of lithium fluoride, potassium 
bromide, and sodium chloride weighing up to 35 lbs. have been made by 
melting the salt in a conical platinum crucible which is removed very slowly 
from the furnace into a lower cooler chamber, the crystal growing from the 
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end of the conical crucible. By allowing the crystallisation of the melt to 
start at a surface of a mica sheet, C. D. West has obtained oriented sections 
of single crystals of sodium nitrate. The method is also applicable to 
sodium, potassium, and rubidium iodides and potassium bromide, when 
the crystal grows with (111) parallel to (001) of the mica. A modification 
of the original Vemeuil furnace, in which the powdered material is pro- 
jected into an oxy-hydrogen flame, has been used to obtain synthetic 
sapphires (single crystals of a-alumina).^^ Fused silica may be converted 
into perfect small crystals of quartz when heated in a solution of sodium 
metasilicate.^^ Mixed thallous bromoiodide single crystals have been 
prepared ^ for use in military infra-red optical instruments. Crystals 
containing 42 moles % of thallous bromide were grown from the melt by 
using a modified Bridgman fumace.^^ The melt was held at 470° in a 
furnace divided into two parts by an insulating baffle, the temperatures in 
the two sections being independently controlled, and the baffle serving to 
produce a steep temperature gradient in the region where growth took 
place. A conical crucible was used. The best results were obtained with 
a high temperature gradient and a slow rate of passage through the gradient. 
Methods of obtaining single crystals, particularly of metals, have been 
reviewed by A. Duran (references to 32 papers). The first general method 
consists in slow cooling of the molten material in a crucible, either by re- 
moving the crucible slowly from the furnace (a method used by P. W. 
Bridgman to obtain single crystals of W, Sb, Bi, Te, Cd, Zn and Sn, and 
recently by D. C. Stockbarger for lithium fluoride ^^) or by slowly cooling 
the whole furnace. Various devices arc adopted to start the crystallisation 
from a nucleus with the desired orientation,^®’ and many designs of furnace 
and crucible have been developed.^® The second method is to bring a 
nucleus into contact with the surface of the molten material and to with- 
draw the crystal slowly a method particularly useful for growing large 
single crystals of certain halides. A third method, recrystallisation in the 
solid state, has long been used for preparing mono -crystal wires of metals. 
Heating combined with compression in a steel mould has also been used.^^ 

A. F. W. 
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4. Crystallography. 

X-Ray diffraction by crystals is being widely applied to a great variety of 
problems. While the general stereochemical arrangements in molecules of 
some complexity such as penicillin and sucrose are examined and the less 
completely ordered structures of polymers or soap are studied, precise 
interatomic distances are determined in simpler substances such as methyl- 
ammonium chloride. Some crystal structures such as that of ice which might 
be considered simple continue to reveal more and more detail as fuller use is 
made of all the observable X-ray effects. A mass attack has been made on 
the crystal chemistry of the rare earths, thorium, plutonium, neptunium 
and, it is presumed, other transuranic elements. As a result of the examin- 
ation of 150 compounds it was claimed (at the Institute of Physics Conference 
on X-ray analysis during the War) that the crystal chemistry of these ele- 
ments is now ‘‘ known ’’ better than that of most other elements. So far 
this knowledge is not available in detail. The structures of some complex 
chlorides of molybdenum have been revealed, but that there arc still diffi- 
culties in structure determination is shown by work on CsCuClg^. This 
aj)parently simple structure seems to be based on close packing of ctesium 
and chlorine ions, but no detailed arrangement has yet been found in agn^e- 
ment with the observed diffraction effects. 

X-Ray examinations continue in use for identification, molecular-weight 
determination, and the testing of proposed molecular formulte.^ As an 
example of identification, the structure determinations of the j)lutonium and 
neptunium compounds mentioned above are of some interest. The chemical 
identities of most of the compounds were in this case deduced from their 
X-ray diffraction patterns given by very small quantities of materials pre- 
pared by known methods. The power of the X-ray method to reveal details 
that are with difficulty determinable by analytical methods is shown in a 
group of compounds that might have been supposed to be impure BigOg but 
which are shown to be built up of approximately spherical units of com- 
position SiBijgOgQ ^ containing always an atom of silicon at the centre of the 
group. In another instance the completion of a Fourier electron-density 
projection made possible by the existence of several related structures led to 
the revelation of a previously unsuspected molecule of methyl alcohol in the 
substance formerly known as P-quinol but thus shown and subsequently 
confirmed by analysis to be a compound of composition 3CgH4{OH)2,MeOH. 
Weissenberg photography has been used to show that a sample presumed to 
be DDT had a deficiency of one chlorine atom per molecule and to identify it 
as DDD.4 

1 H. P. Klug and G. W. Sears, J. Amer, Chem. Soc„ 1946, 98, 1133. 
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B. Strijk and C. H. MacGillavry ® have examined the structure of a high- 
teinperature modification of sodium nitrite with a view to discover whether 
an abrupt change in the temperature coefficients of the cell constants and a 
simultaneous loss of the original strong piezoelectric effect may be due to the 
occurrence of two symmetrical sets of atomic positions in an average structure 
or to an oscillation of the atoms along one axis. A correction now given 
shows that a decision between the two models is not possible from the available 
data. 

D. A. Hutchinson ® has used density and X-ray data of calcite, diamond, 
lithium fluoride, sodium chloride, and potassium chloride to obtain atomic 
weights. This is done by comparing the molecular weights of two sub- 
stances calculated from unit cell dimensions and densities. If the atomic 
weights of some of the elements are assumed, those of others, here calcium 
and fluorine, may be calculated. The values derived are Ca ~ 40*0849 1- 
0*003, F = 18*9967 0*0013 and it is concluded that such a determination 

is as reliable as other standard atomic weight procedures. 

Other uses of X-rays include a study of the thermal decomposition of 
silver oxalate by means of oscillation and Weissenberg photographs.’ The 
crystals are shown to undergo fragmentation in which portions of the original 
crystals break away and assume orientations in which their a axes are not 
parallel to that of the parent crystal. On further heating, the powder lines 
of metallic silver appear with definite maxima. This is presumably due to 
the orienting influence of the silver oxalate crystals. Many similar reactions 
could be investigated in this way. 

Experimental Methods and Calculations. — A. Turner- Jones and C. W. 
Bunn ® have extended the ‘‘ tilted crystal ’’ method of indexing, and describe 
a method of indexing the reflexions on rotation photographs of a single 
crystal set up in a random orientation. By this method it is possible to take 
an irregular fragment of a crystal of completely unknown crystallography, 
set it up on an ordinary X-ray rotation goniometer in any position, take two 
photographs, and deduce the unit cell and space-group from these photo- 
graphs. M. Farquhar and H. Lipson ^ have discussed the general principles 
by which improved accuracy may be obtained in the determination of unit- 
cell dimensions from single- crystal photographs. The principles, based on 
those used for powder photographs, applied to an orthorhombic crystal 
enabled an accuracy of the order of 0*005% to be attained. The integral 
breadths of Debye-Scherrer lines for a divergent incident X-ray beam have 
been considered by A. J. C. Wilson. The broadening due to the appreciable 
phase differences between different parts of the crystal, even in the size range 
for which line broadening occurs, is calculated and is shown to be ordinarily 
negligible. 

The accuracy of atomic co-ordinates derived from X-ray data has been 
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the subject of theoretical consideration by A. D. Bootli.^^ By a comparison 
of two independent sots of observed F values it is found tliat the error in 
experirnenally observed F\s is independent of the magnitude of F. It is 
concluded that this source of inaccuracy in derived atomic co-ordinates is a 
secondary one and for a particular case the error for a carbon atom is 
estimated as approximat(jly J 0-003 A. The larger error due to the non- 
infinite limits of Fourier summations is also considered and a possible way 
of correcting for it is devised. In a special case the distortion produced is 
found to have an upj)er limit between 0-02 and 0-005 a., experimentally 
observed errors being about 0-02. The effect of thermal agitation is to give 
a considerable decrease in accuracy. Another paper deals with the problem 
of determining the maxima in a Fourier synthesis, and is based on examining 
the rapidly varying differential coefficient rather than the function itself. 

The problem of the steadily increasing magnitude of routine calculation 
necessary for any structure determination has received further attention. For 
computing Fourier series punched-card methods have been used with existing 
calculating machines by P. A. Schaffer, V. Schomaker, and L. Pauling,’ ^ 
who point out that the method has applications in other fields of molecular 
structure determination. Punched cards and a computing service were 
employed in the evaluation of electron densities for penicillin at intervals 
of about 0-25 a. throughout the unit cell. At present this procedure seems 
costly. Several machines for performing these calculations have been 
designed or constructed. One described by D. MacLachlan depends on the 
spreading of layers of sand in sinusoidal waves over a scale plan of the unit 
cell so that the height of sand at any point is proportional to the electron 
density. An electrical Fourier summation machine has been developed by 
G. Hagg and T. Laurent. 

A. B. Stokes has described a development of the ‘‘ fly’s eye ” which 
obviates the calculation of structure amplitudes in the trial -and- error stages 
of structure determinations. In the device described, a regular repeated 
pattern representing the structure is produced on a photographic plate by use 
of a fly’s eye composed of an array of small lenses embossed on the surface of a 
piece of “ Perspex ” which has been pressed at its softening temperature into 
a copper plate previously indented by means of a steel ballbearing. The dis- 
advantages of the pin-hole method previously used, viz,y diflfuseness of the 
pin-hole images and blocking of the pin-holes by dust, are overcome. Instead 
of a movable lamp to represent the atoms, a uniformly illuminated screen 
with a number of opaque discs may be used, so that no negative need be made 
and only one exposure is necessary instead of one for each atom. 

As is well known, the determination of crystal structure by Fourier 
synthesis requires the observation of as many X-ray reflections as possible 
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and the summation of appropriate Fourier series in whicli the structure 
factors, derived easily from these observations, appear as the coefficients. 
The obstacle to a simple and automatic application of the procedure to any 
desired crystal rests in the fact that the structure factor is a complex quantity. 
The magnitude is derivable from observed quantities but the phase angle 
escapes observation. At present all the essential work of the determination 
is that of discovering these phase angles by a process of trial greatly assisted 
by a variety of auxiliary means such as the use of physical properties, 
Patterson methods, introduction of heavy atoms, consideration of pre- 
viously known structures, and the study of isomorphous or related com- 
})Ound8. In the special case of centrosyinmetric structures the problem 
reduces to that of giving the positive or negative sign to the observed 
structure factor for each of the observed hkl reflexions, possibly several 
hundred or more in number. 

If a given arrangement of atoms is considered, it is possible to compute 
the value of F for all points in reciprocal space, i.e., for a reflexion from a 
plane of any selected spacing and orientation. For centrosyinmetric 
structures we may imagine the group of atoms arranged around the origin 
and repeated by simple translations of any desired lengths and directions to 
form a lattice. The resulting F plot in the reciprocal space is characteristic 
of the original arrangement and nature of the group of atoms. The value of 
F is seen to vary in magnitude from point to point and to undergo changes of 
sign. If a continuous variation of spacings could be made without other 
alterations in the structure, or at least with only such alterations as could be 
allowed for, it would be possible to observe a continuous variation in the 
magnitude of F and to determine the points where it vanished. These would 
correspond to changes of sign and hence aU the signs could be found. An 
approximation to this procedure was adopted by Perutz in a structure 
where the reflexions from a particular direction in a protein crystal are 
observable over a continuous range of spacings due to the taking up of 
variable amounts of liquid between layers. In ordinary practice the values 
of F observed from the Bragg reflexions are only those that correspond to the 
particular planes that occur in the crystal under investigation, i.e., at certain 
comparatively widely separated points in reciprocal space and without the 
possibility of continuous variation. A. D. Booth, however, has suggested 
a possible limited application of the method by the use of the diffuse 
reflexions. Although it is difficult owing to background to establish the 
existence of a point of zero intensity, it may be possible to show that there is 
no such point in a given region. Thus if a strong streak of diffuse JC-ray 
scattering connects two regions in the reciprocal lattice of a centrosyinmetric 
crystal the F^s corresponding to those two regions must have the same sign. 
This, it is suggested, might sometimes help to determine a few signs but would 
not go far towards solving the general problem. (Mrs.) K. Lonsdale 

J. Boyes Watson and M. F. Perutz, Nature, 1946, 151, 714, 

Ibid,, 1946, 158| 380. “ Ibid., p. 682. 
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points out that the argument is sound if the diffuse scattering is due to dis- 
placement or vibration of those atoms whose diffraction is mainly responsible 
for the reinforcing waves which give the Bragg reflexions, i.e., the scattering 
in the streak and the two Bragg spots which it connects must be mainly 
due to the same atoms. In ice, however, where the contribution of the 
centrosymmetrically arranged oxygen atoms certainly decides the phases, 
strong diffuse streaks do connect regions where F’s are not of the same sign. 
Moreover, the diffuse pattern is more symmetrical than could be the case if 
Booth’s rule were satisfied. Any such attempts even at this very limited 
circumvention of sign computation must therefore be made with extreme 
caution. 

Inorganic Structures. — Crystal chemistry of neptunium and plutonium. 
In the sexa-, quadri-, and ter- valent compounds the crystal radii decrease in 
the order uranium, neptunium, plutonium. The crystal chemistry of thorium 
and especially cerium is closely related to that of uranium, neptunium, and 
plutonium in the quadrivalent state. In the tervalent state the elements 
La — Sin show a marked similarlity to uranium, neptunium, and plutonium in 
their crystal chemistry. 

Oxides, hydroxides, and basic salts. The cell dimensions of a number of 
double oxides belonging to the perovskite type of structure have been 
accurately measured by H. D. Megaw.^^ This group of compounds includes 
structures of very varied but different symmetry, all based on small modi- 
fications of the same cubic cell. The ideal perovskite type includes SrTiOg, 
SrSnOg, SrZrOg, BaSnOg, BaZrOg, BaThOg, and BaTiOg above 120°. Some, 
including the usual form of BaTiOg, have a tetragonal cell derived from the 
cubic structure by simple compression or extension along one of the fourfold 
symmetry axes. Others, including CaTiOg (the mineral perovskite), are 
derived from the cubic structure by a shear in the 010 plane and a slight 
extension or compression along the h axis giving a monoclinic pseudo- cell 
with the a and c axes equal, so that the lattice is to be described as ortho- 
rhombic. Changes in some of the atomic parameters cause a doubling of the 
cell edges. BaTiOg can also be prepared in a rhombohedral form. The 
pseudo-cell is obtained by a slight compression of the cubic cell along the cube 
diagonal but the true cell is a multiple of this. The occurrence of the various 
structure modifications is interpreted in a general way by steric considerations 
based on Goldschmidt’s ionic radii. 

Quenselite,22 PbMnOgCOH), has a structure characterised by the super- 
position of sheets of ions perpendicular to the a axis in the sequence Mn, 0, 
Pb, OH, Pb, O, Mn. There is a good cleavage parallel to the sheets. 

The decomposition products of lead dioxide at 400° in air have been 
investigated.^^ It was found that lead dioxide samples contained a small 

W. H. Zachariasen reporting at Institute of Physics Conference on War-time 
Progress in X-Ray Analysis, Royal Institution, July 1946 ; see also ref. (14). 
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amount of water which probably forms part of the anion lattice as hydroxyl 
groups. The oxygen content cannot be below that corresponding to 
PbOi-gs- A decomposition product a-PbO^r may also be obtained by oxidation 
of gertain preparations of PbO in oxygen at 300 — 350°. This compound has 
a range of homogeneity with limits close to the formulse PbgOg and Pb203. 
The structure is very complicated and not determined with certainty. The 
next step in the decomposition is represented by p-PbO^. The composition is 
near to PbgOg and a structure is proposed in which the lead atoms occupy 
positions similar to those of the heavy atoms in cubic Bi203 and cubic 
Sb203. It is concluded, contrary to the views of M. LeBlanc and E. Eberius,^^ 
that the tetragonal and orthorhombic modifications of PbO have no range of 
homogeneity or very narrow ones. Some preliminary data are also given 
which perhaps represent a third modification of PbO. 

W. Feitknecht and W. Marti ^5 have examined the products of oxidation 
of manganese(Il) hydroxide and of ammoniacal manganese(ll) salt solutions 
by oxygen and hydrogen peroxide. By powder photography the products 
are found to be Mn(II),(III) double hydroxide, hausmannite, hydrohaus- 
mannite, a-, p-, and y-MnO(OH), MngO^. Excepting hausmannite and 
y-MnO(OH), the degree of oxidation of the manganese in all these compounds 
can vary within certain limits, i.e., they are non-Daltonian compounds. The 
manganites obtained from solutions of Mn{II) and other metals have a 
double layer structure with hexagonal layers of Mn02 and disordered 
hydroxide layers of the lower-valent metal such as Ca,Mg,Zn. The disorder 
is shown by varying sharpness of the inner rings or by their absence, 
W. Feitknecht gives some data on basic cadmium sulphate, and W. Lotmar^"^ 
has obtained single-crystal data from basic zinc chloride, ZnCl2,4Zn(OH)2. 
This has a rhombohedral double layer structure, but no detailed parameter 
determination is made. 

Elements. Precision measurements on a sample of exceptionally pure 
lead, 99-999% by spectrographic analysis, give a unit cell dimension, 
4-9408 0-0001 kX, slightly higher, as was to be expected, than previous 
values derived from samples that may have contained other atoms which are 
smaller than that of lead. Polonium is shown to have two crystalline 
forms, a low-temperature structure described as simple cubic with a = 3-34, 
and a high-temperature simple rhombohedral form with a 3-36 a., a = 98°13'. 

Graphite. The simple structure of graphite with its ababab sequence of 
layers was modified by Edwards and Lipson on account of extra lines which 
indicate the presence of certain layers in the abcabc order, and J. Gibson 
now reports the appearance of still further faint lines which are not accounted 
for by this arrangement. They have been observed in ordinary graphite and 

*4 Z. pkysikal. Chem., 1932, A, 100, 69. Helv. Chim. Acta, 1945, 28, 149. 
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in very pure artificial graphites. Some of the lines are double, with an 
angular separation of 0*20°. No explanation has been given for these effects 
which might be due to other causes such as impure X-radiation. 

“ Amorphous carbon. The term amorphous carbon has been used to 
describe more or less impure forms of carbon devoid of any obvious crystalline 
characteristics, but such materials preparc^d in a variety of ways all give 
essentially the same type of X-ray powder photograph with broadened 
diffraction maxima in the same positions. These have been interpreted as 
due to graphite- like structure with very small particles and varying disorder 
of the layers. It is now found that a carbon prepared by carbonisation of 
hexaiodo benzene at 5°/min. up to 1000"^ in an atmosphere of nitrogen gives 
practically no coherent scattering of X-rays and thus seems to be almost 
completely without any ordered structure. Hexaiodobenzene was selected 
since the large iodine substituents might be expected to prevent a linking of 
two aromatic residues with their rings coplanar and so favour the formation of 
a hypothetical carbon structure in the form of a three-dimensional repetition 
of o-te^traphenylene residues. The material obtained is thought to consist of 
such a cross-linked structure, but highly disordered because of the presence of 
oxygen and hydrogen atoms, and it is suggested that small disordered chunks 
of this tyi^e of structure play some part in the building up of chars and cokes. 
Further evidence is required before this can bo regarded as established. 

Ice and ammonium fluoride. The diffuse X-ray scattering obtained from 
ice crystals gives further information on this structure. The diffuse 
pattern is of thermal origin but cannot in the main be due to acoustical 
vibrations because no combination of clastic constants can give the star- 
shaped pattern found. Since the diffuse streaks cannot be due to oxygen 
(see above) there must be strong vibratory movement of the hydrogen 
nuclei. J. D. Bernal and R. H, Fowler show that the unit cell must be at 
least three times as large as the apparent simple cell, while L. Pauling, 
from considerations of the residual entropy, has concluded that the water 
molecules in ice cannot have definite orientations which would permit a 
unique crystalline configuration such as that of Bernal and Fowler. This 
new work by Lonsdale confirms Pauling’s suggestion that change from one 
configuration to another is accomplished by group movements of hydrogen 
nuclei each of which would move from the neighbourhood of an oxygen atom 
to the next oxygen, or by rotation of water molecules. The small unit cell is 
therefore a statistical one, and even at low temperatures the apparent cell 
may be small owing to freezing in of different molecular configurations in 
different parts of the crystal. A similar star-shaped diffuse pattern is 
obtained for ammonium fluoride, isomorphous with ordinary ice. Some 
hailstones have been shown to contain moderate sized single crystals of the 
ordinary ice form. 

J. Gibson, M. Holohan, and H. L. Riley, J,, 1946, 466. 

K. Lonsdale, ref. (19). J. Chem. Physics, 1933, 1, 616. 

“ Nature of the Chemical Bond ”, New York, 1939, p. 281. 
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Methylammonium chloride. The unit cell formerly ascribed to methyl- 
ammonium chloride was based partly on powder-photograph measurements 
and was incorrect. The cell now found contains two molecules. It is 
tetragonal, -and the whole structure may be regarded as a somewhat distorted 
cjesium chloride arrangement, in which methylammonium ions are surrounded 
by the chlorine ions of the top and bottom faces of the cell. The lengths of 
the methylammonium ions which point alternately up and down are parallel 
to the c axis, and from the Fourier analysis results the distance C — N — 
l-465J: 0 0l A. The predicted value is 1*47 if no allowance is made for the 
formal charge, but with such an allowance it is 1-44, so the formal charge 
appears not to have the expected effect although the differences here seem to 
bo fairly close to the possible errors. In working out this structure it was 
found necessary to aj)ply separate temperature factors for the methyl- 
ammonium and the chlorine ions and an anisotropic temperature factor was 
used for chlorine with the maximum vibration along the c axis as is suggested 
by the form of the corresponding electron-density peak. 

Halogen-containing complexes. Data concerning a structure deter- 
mination of aluminium bromide have now become available. Separate 
molecules of AlgBr^ are arranged in a monoclinic cell to give a slightly 
deformed hexagonal close packing. The molecules are of the type found by 
Palmer and Elliot in the gaseous state by electron diffraction, i.e., the 
molecules consist of two tetrahedra of bromine atoms around aluminium 
atoms, the tetrahedra sharing an edge. There are some marked differences 
in the intramolecular distances derived from the crystal structure and those 
given by electron diffraction. In particular the Al-Al distance 3*14 A. is 
appreciably shorter than the 3-39 A. found in the gaseous state, and in general 
the values found are closer to those that would be expected for a model con- 
structed from two regular tetrahedra. The molecule is much less deformed 
than in the gaseous state, and it seems that the structure yields less to the 
repulsive force between the central aluminium atoms. A suggested explan- 
ation is that it would be impossible to obtain such a good packing with the 
more deformed molecules and there would be a consequent loss of van der 
Waals attraction between the bromine atoms. 

The compound hitherto given the formula Mo3Cl4(OH)2,8H20 has been 
examined.®® Analytical data suggest seven rather than eight water mole- 
cules, and although the unit- cell dimensions and density agree with six 
molecules of water, it is considered that seven is the more probable figure 
since the density determined may be low. From the structure determination 
the formula is now rewritten as [MogClg](OH)4,14H20. The [MOgClg] group 
is a slightly irregular cube with chlorine at each corner and with molybdenum 
atoms at the centres of each cube face but raised slightly, about 0-05 a., above 
the faces. These groups are enclosed in a three-dimensional network of 


E. W. Hughes and W. N. Lipsoombe, J. Amer. Chem. Soc., 1946, 68, 1970. 
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oxygen atoms. Each molybdenum atom has four chlorine neighbours at 
2-50, 2-57, or 2-62 a. and one oxygen at 2*29 A. In all, there are 18 oxygen 
atoms connected with one [MogClg] group. Of these, 4 must be OH and 14 
must be water, although the 18 atoms are distributed in one group of 6 and 
one group of 12 equivalent point positions of the hexagonal cell. It is 
supposed that the 32 hydrogen atoms are distributed statistically among the 
18 oxygen atoms. The oxygen-oxygen distances, which are not known with 
great certainty, are about 2-7 a. The compound formerly described as 
[IVIo3Cl4,2H20]Cl2,2HoO has a tetragonal structure which contains the 
same Mo^Clg group and is now rewritten [Mog01g](Cl4,2H20). In the 
[MogOlg] group the average Mo-Mo distance is 2-64 a. 

Precipitated potassium cryolite has a variable composition depending 
on the fluorine-ion concentration at j)recipitation. The general formula is 
K:r AIF3 2:(H20)3 _ x, ^ being between 2*9 and 3. With x — 2-9 the compound 
is isomorphous with ammonium cryolite and has a cubic cell a = 8*4l8 a. 
The unit cell of KgAlFg is probably large and derived from a body- centred 
tetragonal cell a ~ 5 96, c ™ 8*46g. In precipitated potassium cryolite 
some [AlFg] groups may be replaced by [A1F5(H20)] when the fluoridedon 
concentration is not high enough. For every such group replaced one 
potassium ion is lost from the lattice. 

Phosgenite, Pb2Cl2003, and the isomorphous bromine compound have 
been examined A previous structure determination on ])hosgenito 
suggested that there were no carbonate groups in the structure but the 
arguments used are invalid since the unit cell determined now has the c 
dimension of the unit cell doubled. The intermediate reflexions that 
established this are exceptionally weak but are more pronounced in the 
corresponding bromide. The positions of lead and bromine have been 
determined and the rest of the structure inferred from packing considerations. 
It consists of lead, halogen, and carbonate ions. There is no evidence of 
linking to form Pb-Cl groups. 

Organic Crystals {General ). — The general constructional principles under- 
lying the formation of organic crystals have been examined by W. Nowacki 
who, in presenting the statistics for the compounds that have been suitably 
examined — a fraction of a per cent, only — points out that it remains to con- 
firm the conclusions on the rest. However, the total number of compounds 
is considerable, about a thousand, and it seems unlikely that the high fre- 
quency of occurrence of certain space-groups which is familiar to workers in 
this field is accidental. G. Hagg^^ considered that the results might be 
influenced by the inclusion of a great number of space-group determinations 
which have been made on optically active substances, but Nowacki replies 
with a table showing the frequencies before and after the subtraction of 
crystals which contain optically active molecules. In the first case in a total 

Arkiv Kemi, Min. GeoL, 1946, 22, A, 11. «« Ibid., 1946, 21, A, 9. 
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of 914 compounds the group P2^ is found for 12%, P2^jc for 10-5%, and 
P2^2^2^ for 22%. On elimination of 173 crystals with optically acti\e 
molecules the statistics are not fundamentally altered the percentages being 
respectively 12,7, and 22. Over 40% of the known organic structures there- 
fore have these space-groups. Seven other space-groups, viz., PI (2-4), 
C2 (2-4), 02/c (3*4), P2^2^2 (2-7), Pbca (2-1), Pnma (3-4) and C4cjamm, 
account each for between 2 and 3-5% and leave about one-third of all the 
compounds for distribution among more than 200 remaining space-groups. 
In exjdanation of this, Nowacki says that the tendency to close packing, 
which is so frequently found in inorganic crystals, is certainly not a guiding 
principle, and quotes the 75% of all organic substances so far examined as 
having primitive lattices, with a further 16% having double primitive 
lattices, whereas a face-centred lattice, fourfold primitive, should lead to a 
maximum space filling. Although this is Nearly so for the simplified case of 
cubic close packing of spheres, this part of the argument does not appear to 
the Reporter to be a strong one, since any structure may be referred, by a 
suitable choice of axes, to a primitive lattice, and in monoclinic crystals, for 
example, the investigator makes a deliberate choice of axes to avoid the 
selection of a cell centred in any way excejit, in some crystals, on (001) faces. 
Further, when the packing of awkward- shaped molecules is considered, it is 
found that by use of suitable symmetry operations the centres of molecules 
may be made to lie in positions closely approximating to those for a face- 
centred close packing although the structure as a whole is not formally 
centred, e.g., in the structure of picryl iodide, space-group P4t{2^. 

In this connection also A. Kitaigorodsky,^® by assuming intermolecular 
radii for each atom, C 1-70, H 1-18 a., has calculated the proper volumes of a 
small number of aromatic hydrocarbons and compared them with the volumes 
per molecule in the crystal. Packing fractions between 0-68 and 0-72 are 
obtained and may be compared with the value 0*74 for closest packing. 

For molecules which are markedly different in their extensions in different 
directions, centring which involves parallel repetition does not seem so 
effective for packing purposes as the use of symmetry operations which 
involve head-to-tail or similar packing. Apart from this, experience shows 
that molecules of the most diverse shapes tend to adopt arrangements in 
which the projecting portions of one fit into the indentations left by the 
surrounding molecules in such a way as to achieve a good degree of space 
filling. New structures often appear very striking not only in the manner 
whereby they maintain the familiar van der Waals separations of unlinked 
molecules, but also in the avoidance of any large gaps that would give inter- 
group separations appreciably greater than the normal. When open 
structures appear they are usually attributable to some special circumstance 
such as the directional requirements of hydrogen-bond linkages as in a- 
resorcinol or even more strikingly in quinol.^® Nowacki further points out 

« G. Huse and H. M. Powell, J., 1940, 1398. 
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that, since the majority of organic molecules have little symmetry of their 
own, any higher symmetry of the crystal must result from the arrangement 
of the molecules and thus selects the 92 asymmorphous space -groups as of 
special significance for organic crystals. Of all the compounds, 72% are 
found to belong to these space-groups. Since many of the molecules have 
an electric moment, the molecular arrangement will seek to bring about the 
most effective mutual saturation of dipoles. This is so when the molecules 
are arranged in zigzag chains. Only three symmetry elements achieve this, 
the two-fold screw axis 2^^, a network of symmetry centres I, and a glide plane 
of symmetry c, a, h, d, or n. On the assumptions that the favoured space- 
groups for organic structures obey the principles of (1) a primitive lattice, 
(2) asymmorphism, (3) symmetry elements permissible, are only those stated 
above either alone or in suitable combination, tliose to be expected arc 
P2j, P2j/c, Petty Pntty P2j2j2jl and Pbcci. Some but not all of these occur in 
the list of commonly found space-groups, and a further limiting principle is 
introduced, that of efficitmt dipole saturation of one zigzag chain of mole- 
cules by the others. This requires that a two-fold screw axis may only be per- 
pendicular to a glide plane, and thus leaves only P2^y P2^2j2^ as 

the specially preferred space-groups for organic crystals, i.e.y the three first 
mentioned as accounting for over 40% of the total. Among the other space- 
groups the number of examples is too small for any certain conclusions con- 
cerning their frequency, but some general tendencies can be understood ; 
e.g.y in a comparable set of space-groups the frequency of occurrence increases 
with increase in the number of 2^ screw axes as in P222 (0*002%), P222^ 
(0*003), P2i2i2 (2*7), and P2^2^2^ (10*4). 

Organic Structures, — Sucrose, C. A. Bee vers and W. Cochran give a 
preliminary account of the structure of the sucrose molecule from an 
examination of the compound Ci 2 H 220 ii,NaBr, 2 H 20 and the isomorphous 
chloride. The heavy atoms simplify the phase-angle determinations. The 


CH -OH CH -OH accepted structural formula of 

H sucrose as l-a-glucopyranose-2-p- 

\/^ Z;' \ fructofuranose (I) is confirmed. 

p. \ ? Parameters for all atoms are given 

HO 13 r 3' I CHg’OH with an estimated error 0*5 a. 

XX interatomic distances and of 

5° for bond angles. The oxygen 
atoms attache4 to carbon atoms 1 and 2 are in the configuration, and 

similarly those pf 2' and 3'. The five atoms of the furanose ring are 
not coplanar, atoms 3', 4', 5' being displaced so as to bring the attached 


CH2-OH 

! /Oyif 


HO H 


groups more nearly into the mean plane of the ring. Within the ring the 
mean C~C distance is given as 1*44 a. and the mean angle as 104*^. The 


pyranose ring is of the Sachse (chair-shaped) form. This result should 


be compared with that obtained by E. G. Cox and G. A. Jeffrey ^ for glucos- 
amine hydrobromide where the same form occurs, and by Cox, T. H. 
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Goodwin, and A. I. WagstafiF who find the five carbon atoms in a plane with 
the oxygen atom out of the plane in methylated aldopyranoses. In the 
present compound each sodium ion is surrounded in a nearly regular octa- 
hedral manner by one bromine, two water molecules, and three hydrox^d 
groups, but the surroundings of the bromine are irregular. 

m-Dinitrohenzene. An earlier attempted structure of m-dinitrobenzene 
led to a false conclusion tlirough the deceptive character of tlie crystals which 
were assigned to a too high symmetry class. In a further examination of the 
structure based on the space-group Pbn instead of Phnm the molecule is 
found to be nearly planar. The results of the Fourier analysis are expressed 
in two diagrams (Fig. 1) projected on the plane of the benzene ring and at 



Fio. 1. 

{He produced by permission from Proceedings of the Iloyal Society, 19f0, A, 188, 59.) 

right angles to it. This picture is, however, derived from one projection only, 
and the size and shape of the nitro-group were largely assumed from the 
results on other compounds. Some part of the small distortions from the 
symmetrical form of the molecule may be spurious. In the molecular 
compounds mentioned below the nitro-groups of 4 : 4'-dinitrodiphenyl have 
a mirror plane passing through the terminal carbon and the nitrogen atom 
perpendicular to the plane of the benzene rings but the carbon-nitrogen link 
is tilted slightly out of the plane of the ring. The determination of structures 
of aromatic nitro- compounds has been particularly beset with difficulties and 
there is scope for further accurate work. 

Molecular compounds. Compounds of aromatic polynitro- compounds with 
J., 1936, 1496. •• E. M. Archer, Proc, Roy, 8oe,, 1946, A, 188, 61. 
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other aromatic substances frequently have a 1 : 1 ratio of the two molecules 
and this has sometimes been regarded as evidence for an electronic rearrange- 
ment which provides a chemical link of some kind between the components. 
It has also been suggested that the association of the two components might be 
explained in terms of various interactions (dipole induction effects, dispersion 
effect) between one molecule and the other without the necessity for a bond, and 
that these interactions are most effective if the planes of the aromatic rings are 
parallel. Such a parallelism is observed in many crystalline molecular 
compounds of this type. W. S. Rapson, D. H. Saunder, and E. T. Stewart ^ 
have investigated the compounds of 4 : 4'-dinitrodiphenyl with various 
diphenyl derivatives and their results have a bearing on both these supposi- 
tions. Molecular complexes are formed only with 4-8ubstituted and 4 : 4'- 
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disubstituted diphenyls. The crystal structures of several of these have been 
examined and are all of the same general type, indicated in Fig. 2. In this 
idealised structure the dinitrodiphenyl molecules are arranged in planes one 
above the other separated by 3*7 a. Running through the structure perpen- 
dicular to the planes of these molecules are channels in which the other com- 
ponent molecule, e.^., 4 -hydroxy diphenyl, is seen end on with its length 
perpendicular to the plane of the paper. None of the intermolecular 
distances is shorter than those normally found in crystals of aromatic nitro- 
compounds. These results therefore agree with those of H. M. Powell, 
G. Huse, and P. W. Cooke on other compounds and reveal no localised 
bonding between the molecules. Diffuse X-ray reflexions and diffraction 
effects due to irregularities somewhat similar to those observed by G* Huse 
and H. M. Powell in the compounds of hexamethylbenzene with pioryl 
halides are observed. The molecular ratios in this new set of compounds are 
determined by geometrical considerations. They depend on the number 

M D. H. Saunder, Proc, Roy. Soc., 1946, A, 188, 21. 6^ J., 1946, 1110. 
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of dinitrodiphenyl layers that can be accommodated along the length of 
the other component molecule. Thus the length of the 4 : 4'-diacetoxy- 
diphenyl molecule, after allowance for approach of the next molecule in the 
end-on position, is 17 — 18 a. This, divided by 3-7, the separation of the 
nitro-compound layers, gives n — 4*6 — 4-9 and the compound formed has a 
5 : I ratio of the dinitro- compound to the other molecule. Similar agree- 
ment is found for the other molecules, the values of n being close to 4, 3^, or 
3 depending on the length of the molecule and in agreement with the com- 
positions determined by analysis. These structures therefore show that 
neither the common 1 : 1 ratio of components nor parallelism of the aromatic 
rings is essential in these moleuclar compounds. 

A preliminary communication by D. E. Palin and H. M. Powell 
describes an entirely new type of relationship between the components of a 
molecular compound. Quinol forms a series of compounds of ideal formula 
3CgH4(OH)2,M, where M is a small molecule, e.gr., sulphur dioxide. The 
quinol molecules are linked through hydrogen bonds to form indefinitely 
extended cage structures in three dimensions. This structure, of a form 
imposed by the dimensions of the quinol molecules and the directional 
requirements of the hydrogen bonds, is of such an open character that a 
second identical framework structure can completely interpenetrate it. 
There is thus a mutual multiple enclosure of two giant molecules which have 
no direct linkages but are inseparable without the breaking of their own 
structures. This complex of interpenetrating molecules is still not very 
closely packed and contains cavities which are large enough to contain the 
small molecules which form the second component of the molecular com- 
pound. The formula is determined by the ratio of available cavities to the 
cage material, and M is restricted to such small molecules as will fit into the 
space. The enclosed material once trapped cannot escape despite the 
volatile nature of the component in the free state. Whether a given molecule 
M will form such a compound is determined, apart from size considerations, 
by the possibility of obtaining it in sufficient concentration in the same 
solution with quinol but does not otherwise depend on the chemical character 
of the second component. 

Fibres and other complex structures, W. T. Astbury and C. J. Brown 
report that terylene (polyethylene terephthalate) gives a well-oriented fibre 
diagram with spots that could be indexed on a tri clinic unit cell. The fibre 
axis has the length of 10-8g a., which is compared with the 10*9 a. calculated 
for the repeat structure 



>— C— 0-“CH2— CH. 



Increasing disorientation is shown in the usual way by the drawing out of 
spots, but terylene is peculiar in that poorly oriented preparations give 


57 Nature, 1945, 166 . 335; see J., 1947, 208. 


58 Ibid., 1946, 168 , 871. 
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photographs like those of single crystals rotating about an axis inclined at a 
small angle to the principal axis. Spots are displaced to varying extents 
out of the layer lines, and an intense lIO reflexion is seen as two overlapping 
spots one above and one below the equator. This means that in the drawing 
process it is more diflicult to pull 110 planes into parallelism. From the 
great intensity of this reflexion the chains must be approximately flat and 
parallel to lIO. On drawing, chains or groups are first pulled straight by 
slipping parallel to this plane, and afterwards, with greater difficulty, these 
planes are themselves pulled into parallelism. 

A new micro-method for X-ray diffraction of biological objects has been 
used by D. Kroger.^® By its means a fibre pattern was obtained from a single 
starcli grain. There were a considerable number of spots but the detailed 
structure has not been found. Diffraction patterns have previously been 
obtained with fairly simple small objects, such as a tungsten tliread, and this 
extension seems to be of considerable importance. 

Diffraction patterns of isoprene at 20® K. and 80® K. show many lines 
according to observations by C. J. B. Clews and A. Schallamach.^® These 
establish the crystalline character of the material in these conditions but 
there is some difficulty in selecting a unit cell. Fibre patterns have been 
obtained with filaments of amylose and of amylose containing an uncertain, 
possibly variable amount of jjotassium hydroxide.®^ 

The diffraction of X-rays by aqueous solutions of hexanolamine oleate 
and of sodium oleate has been studied, and a general structure for the 
monooleyl disaturated triglycerides has been proposed.®^ The structure of 
soa]) micelles has also been investigated. The X-raj^ diffraction effects in 
not too dilute aqueous solution indicate a structure of double layers of soap 
micelles with “water” layers between them. In the double layers the 
hydrocarbon chains are oriented towards each other with the polar ends 
towards the water. Micelle layer spacings are observed varying from 30 to 
100 A., and in the plane of the layers there is a nearly constant spacing of 4*5 A. 
for normal paraffin- chain soaps at all concentrations from 4-5 to 30%. 
Addition of salts does not materially affect the short spacing, but potassium 
or sodium chloride produces a marked effect on micelle layer spacing and on 
the intensities of the X-ray pattern. The probable effect is that sodium 
chloride makes them smaller. 

Other structures. A preliminary report concerning zinc p-toluene- 
sulphonate and isomorphous substances of type (CH 3 'CgH 4 *S 03 ) 2 Zn, 6 H 20 
contains a Fourier electron-density projection which shows all atoms clearly 
with the exception of one of the oxygen atoms of the sulphonate group which 
overlaps with the sulphur atom. There is a regular octahedral arrangement 

69 Nature, 1946, 168 , 199. Ihid., 1946, 167 , 160. 

F. R. Senti and L. P. Witiiauor, J. A7ner. Cheni. Soc., 1946, 68, 2407. 

S. Ross and J. W. MoBain, ibid., p. 296. Ibid., p. 547. 

L. J. Filer, S. S. Sidhm’, B. F. Daubort, and H. E. Langenecker, ibid., p. 167. 

®6 W. D. Harkins, R. W. Mattoon, and M. L. Corrin, ibid., p. 220. 

®® A. Hargreaves, Nature, 1946, 168 , 620. 



POWELL : CRYSTALLOGRAPHY. 


103 


of water molecules round each zinc atom. More precise details of the stereo- 
chemical relationships await a determination of the third atomic co- 
ordinate for each atom. 

Unit cell dimensions have been given from two sources for a number of 
diphenyltrichloroethane derivatives. One compound, op'-dichlorodiphenyl- 
trichloroethane, has a triclinic cell with the unusual number of 20 molecules 
per unit cell. There must therefore be at least 10 molecules in the asyun- 
metric unit, a state of things that may perhaps be attributed to the general 
awkwardness of the molecular shape for packing purposes. Wild and 
Brandenbergcr on the basis of Patterson analysis have suggested atomic 
positions for the chlorine atoms in DDT. Schneider and Fankuchen, who 
have also studied this substance, conclude that these suggested parameters 
require some modification, but details are not available. The highly sym- 
metrical form of the quinuclidine molecule might lead one to suppose that it 
would form a hexagonal close packing, but this is not the case, since at room 
temperature it forms isotropic cubic crystals with a = 8*977 J 0*009 a. and 
four molecules per unit cell. The translation lattice is face-centred, i.e., 
the molecule centres form a cubic close packing. In order to bring the 
trigonal symmetry of the molecule into agreement with the cubic symmetry 
there must be either free rotation of the molecules about their centres or a 
statistical disordered structure with the molecular trigonal axes parallel to 
the four sets of three fold axes of the cubi(} unit. On space considerations the 
latter is the more probable. ' H. M. P. 

Mansel Davies. 

P. Johnson. 

H. M. Powell. 

A. F. Wells. 

H. Wild and E. Braiidenbcrger, Helv, Chim, Acta, 1046, 29, 1024; M. Sclineidt'r 
and I. Fankiichcn, J. Amcr. Chem. Soc., 1946, 68, 2669. 
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1. Non-stoicheiometric Compounds. 

Recent work in inorganic chemistry has raised the question of the validity 
of the law of constant proportions, as applied to solid compounds. The 
existence and classification of “ Berthollide ” compounds have been noted 
previously in these Reports,’ and it aj)pears opportune to review our present 
state of knowledge of the subject. 

It is generally recognised that the intermediate phases in metallic systems 
may exist over a range of composition, not necessarily including a rational 
chemical formula; an idealised chemical formula can usually be assigned, 
however, based on the composition of the unit cell of the crystal.^ Between 
interm etallic and ionic compounds there is a transition, rather tlian an 
abrupt demarcation,^ depending on the difference in electronegativity of 
the combining atoms, and whereas the elements of Groups VB, VIB, and 
VIIB form true salts with the most electropositive metals (Groups lA, HA), 
their compounds with the transition and B-8u])-group metals display a 
complete transition from the ionic to the quasi-metallic tyj)e. Variability 
of composition runs broadly parallel to sub-metallic properties, but is by 
no means limited to compounds of obviously sub-metallic character. 

The distinction between solid solutions, interstitial compounds and non- 
stoicheiometric compounds is, in the last analysis, rather arbitrary. 
N. S. Kurnakow^ first proposed the term Berthollide ” (as distinct from 
“ Daltonide to describe homogeneous phases in s^^sterns where the 
maxima or minima of properties — melting point, conductivity, lattice order, 
etc. — do not coincide with a rational atomic ratio of the components. For 
the purpose of this report it is convenient to follow W. Schottky and 
C. Wagner ^ in considering the familiar “ Daltonide ” tyi)e as a special 
case of the ‘‘ ordered mixed phase a 2-component (or multicomponent) 
system with statistically regular lattice array. 

Our present knowledge of crystal structure confers precise meaning on 
the terra solid solution ” as applied to crystals of atomic lattice types. 
In a crystal phase of ideal formula AB„, a stoicheioraetric excess of element 
B can be accommodated structurally in only three ways : (i) Substitutional 
solid solution : B atoms replace A atoms on lattice sites proper to A. (ii) 
Interstitial solid solution : additional B atoms are located in inter-lattice 
positions, (iii) Subtractive solid solution : all B atoms occupy proper B 
lattice sites, but a number of A lattice sites is left untenanted. 

Since (ii) increases and (iii) decreases the average weight per unit cell, 
distinction between them is possible by combining density and X-ray cell 

^ Ann, Reports, 1933, 30, 381 ; 1935, 32, 211. 

® A. Westgren, Angew. Chem., 1932, 45, 33. 

» Cf. E. Zintl, ibid., 1939, 62, 1. * Z. anorg. Chem., 19U, 88, 109. 

» Z. physikaL Chem., 1930, B, 11, 163. 
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dimension measurements. In this way it was shown that in pyrrhotite, 
FeS — FeSi.i 4 ,® ferrous selenide, FeSe — ^FeSe^.^g,*^ and wiistite, FeOi-o^ — 
FeOi-ig ® the stoicheiometric excess of non-metal represents a cation 
deficiency, the anion lattice being substantially complete. Thus a pyr- 
rhotite FcgS^ is properly represented Fe^.g^S; it cannot be regarded as a 
solid solution between two Daltonide compounds, and is a true non-stoicheio- 
metric compound. In the e-phase of the Fe~Sb system (ideally FeSb), 
increase in cell dimensions with increasing iron content above the ideal 
formula indicates that the excess of iron is accommodated intcrstitially.^ 
Substitutional solid solution is likely only in intermetallic compounds, 
where ionic repulsions would not be involved. Thus, in the p-phase of the 
Na-Pb system (27 — 35 atoms % Na; ideal composition, NaPbg), the 
stoicheiometric phase lies outside the range of homogeneity; the stable 
phase has 4 — 9% of the Pb atoms replaced by Na.^® According to M. J. 
Buerger, in the mar casite -type FeSbg, FeAsg, FeSg, the stoicheiometric 
excess of iron usually present is substituted for a proportion of the non- 
metal. Such substitution in a metallic sulphide seems improbable, and 
this series could profitably be reinvestigated. 

The conditions of equilibrium of lattice defects in a real crystal were 
worked out b}^ W. Schottky and C. Wagner.^* In a stoicheiometric 
crystalline compound MX, displacement of atoms from their regular lattice 
positions would be an endothermic process ; the resulting interstitial atoms 
or vacant lattice sites could be distributed at random amongst any of the 
available positions of the crystal lattice. The defects therefore contribute 
substantially to the configurational entropy, as well as raising the total 
energy of the crystal, and it emerges that at all temperatures above 0° K. 
the free energy G {= H — TS) is a minimum for certain finite concentrations 
of lattice defects of each kind (depending on the energy involved in creating 
the defects). If interstitial M atoms, interstitial X atoms, vacant M sites, 
and vacant X sites are all present in significant concentrations, the equi- 
librium conditions are rather complex. However, if — as is reasonable for 
kT energy of defect formation — it can be assumed that all types of 
defect are not equally probable, two simple limiting cases arise : (i) Equal 
concentrations of vacant cation sites and vacant anion sites (Schottky 
defects); believed valid, e.g.y for NaCl. (ii) Interstitial atoms of one or 

® G. Hagg and G. Siicksdorf, Z. physikal. Chem., 1933, B, 22 , 444; Nature^ 1933, 

131 , 167. 

’ G. Hfi,gg and A. L. Kindstrom, Z. physkal, Chem.^ 1933, B, 22, 453. 

* E. R. Jette and F. Foote, J . Che7n. Physics^ 1932, 1, 29. 

• A. Oftedal, Z, physikal. Chcm.y 1927, 128 , 135; G. Hagg, Z. Krist.y 1928, 68 , 
470. 

E. Zintl and A. Harder, Z, physikal. Chem., 1931, A, 164 , 63. 

Amer. Min., 1934, 19. 37. 

1® W. Schottky, Z. physikal. Ghefn., 1935, B, 29, 335; R. H. Fowler and E. A, 
Guggenheim, “ Statistical Thermodynamics ”, Cambridge, 1939, paras. 1302, 1303. 

i» W. Schottky, Naturwies., 1935, 28, 656; Z. physikal. Chem., 1935, B, 29. 
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other kind, with a corresponding number of vacant lattice sites (Frenkel 
defects) ; example, AgBr. 

The stoicheiometric compound is, however, a limiting case. For the 
crystal in contact with the vapour of one of its components (e.g., a diatomic 
non-metal, such as Og, I 2 , etc.), we must consider the possible addition or 
removal of X“ ions at the surface of the originally stoicheiometric crystal, 
by such processes as (I) or (II). 

(I) ^ M++ + e 

+ e (at surface) — X~ (on lattice site) + cation hole 

Addition of supernumerary X“ ions to the crystal involves (a) an increase 
in valency of a corresponding number of M*" ions and (6) the creation of 
vacant cation sites which will ultimately distribute themselves by diffusion 
throughout the lattice. 

(II) X“ + M"*" (on lattice site) — JXg (gas) + M**" (interstitial) + ^ (trapped 

near interstitial atom) 

Removal of X"' ions from the lattice involves (a) effective conversion of the 
same number of M'*' cations into M atoms and (6) creation of interstitial 
atoms or (for crystals with Schottky defects) vacant anion sites. 

Addition or removal of X ions will accordingly involve changes both 
in total energy and in configurational entropy as compared with the 
stoicheiometric crystal. The minimum free energy for any temperature 
and any given pressure of the vapour Xg corresponds (for a crystal with 
Frenkel defects) with concentrations of defects given * by 

-- , exp. ~ ExI^T (1) 

X* = • ^xp. — (E^ + ... (2) 

where X* = number of M holes and interstitial M atoms in a crystal 
containing cations ; E^*, E^ — energy expenditure to produce one vacant 
M site or interstitial M atom in the stoicheiometric crystal, E^ = expenditure 
of energy in adding one additional X atom to the crystal. The concen- 
trations of holes and interstitial atoms are not independent, being related by 

^ exp. - + E^)lkT (3) 

(3) defines in effect the equilibrium constant of a quasi-chemical 
dissociation : 

Lattice site occupied by ion — > Interstitial ion + lattice hole 
For the stoicheiometric crystal, 

]S[h^j]^i ^ ^ exp. -(E^ + E^)!2kT . . (4) 

S is the intrinsic disorder of the stoicheiometric crystal, which is in equi- 
librium with one particular partial pressure of the component X only. 

1 * J. Frenkel, Z. Fhyeik, 1926, 36, 652. 

* Approximately, the contributions to the vibrational energy being neglected (cf. 
Mott and Gurney, “ Electronic Processes in Ionic Crystals ”, Oxford, 1940, p. 29). 
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For any other pressure of X the crystal will contain at equilibrium a 
stoicheiometric excess (or deficiency) of X given by which depends 

upon the intrinsic disorder of the stoicheiometric phase. Writing — 
N^)/N^ — n, and the pressures of X in equilibrium with MX^^-ocq, MXi^.„ 
as p(0), j>(n), respectively, we have 


p(0) 



( 5 ) 


Variation of stoicheiometric defect for tAvo values of is illustrated in the 
figure. If the stoicheiometric crystal is almost perfectly ordered, the 



(Mpiilibrium pressure must increase very steeply to ])rodu(*e even small 
changes in composition. 

The essential '‘'consequences of this thermodynamic theorem are as 
follows. 

(i) It is 23erfectly general, suggesting potential variability of composition 
for all ionic, semimctallic, or intermetallic compounds. 

(ii) Unless the degree of lattice disorder in the stoicheiometric compound 
is appreciable, variation of composition under experimentally accessible 
equilibrium conditions may be imperceptibly small. The “ Daltonide ” 
compound thus appears as a special case.^^ 

(iii) The intrinsic disorder 8 will be small unless production of defects 
is not too endothermic, as compared with the thermal energy. E^, E* are 
smaller than the lattice energy of the crystal by a factor depending on 
the polarisation and distortion of the crystal lattice around each defect. 
Non-ionic interactions (e.g., van dcr Waals forces) between the atoms are 
particularly important in stabilising defects and in favouring the location 
of atoms or ions in interstitial positions. Compounds of the transition or 

A. Olander, Z. physikal. Chem., 1933, A, 165 , 65. 

W. Jost, J. Chem. Physics, 1932, 1 , 466; W. Jost and G. Z. physikal. 

Chem,, 1936, B, 82 , 1 ; N, F. Mott and M. J. Littleton, Trans, Faraday Soc., 1938, 84 , 
485; W. Jost, ibid., 1938, 84 , 860. 
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B- sub -group metals are therefore likely to possess a higher degree of intrinsic 
disorder than are structures built up from the inert -gas-like ions. Estimates 
of 8 in typical compounds have been made by J. Addink and by E. Koch 
and C. Wagner.^® 

(iv) Deviation from stoicheiometry involves a valence change. Excess 
metal may be incorporated by converting some cations effectively into 
neutral atoms, or into cations of lower valency. This decrease in valency 
is possible for any cation, including the inert-gas-like cations. The alkali 
halides, heated in the vapour of the corresponding metal, will take up a 
few atoms per thousand of excess metal . Excess non-metal involves the 
presence either of cations of higher valency (energetically permissible only 
in compounds of the metals displaying variable valency), or of anions of 
lower valency. The low binding energy renders the latter source of stoicheio- 
metric variation less favoured, but potassium iodide (e.g.) will incorporate 
a stoicheiometric excess of iodine (up to a few atoms per million I’* ions).^®» 

It seems likely that supernumerary Sg molecules may be built into the pyrite 
structure on lattice sites pro])er to groui)s (vide infra ^ NiSg, CoSg). 

For a compound to be stable over an apj)reciable range of composition, 
certain conditions must evidently be fulfilled. The energy expenditure to 
produce defects must not be too large ; the energy difference between the 
two valency states involved must also be small ; the difference in size 
between the ions in the two valency states must be small, so that the lattice 
may not be distorted to the point of collapse. In all these respects the 
compounds of the heavier metals occupy a special position, and it is amongst 
these that marked variations from stoicheiometric simplicity have been 
encountered. 

The Schottky-Wagner theory makes no reference to fsKJtors limiting the 
range of existence of a crystal phase, and is strictly valid only where the 
concentration of lattice defects is very small. The tolerance of a crystal 
lattice for excess of its components is actually limited. The positions of 
all atoms adjacent to an interstitial atom, lattice hole or ion of higher 
valency must undergo adjustment, and if the concentration of such lattice 
disturbances exceeds some limiting value, the crystal lattice may break 
up to give a second phase and a structure saturated ” with defects. An 
attempt to include this within the scope of the theory has been made ^2 
by considering not only the energy expenditure to produce lattice defects, 
but also an energy of interaction of defects when adjacent to each other. 
The effect of this is that the distribution of defects through the crystal 
lattice is no longer completely random. Below a critical temperature 

Nature^ 1946, 167, 764. These estimates include, and are probably dominated 
by, the effects of secondary structure, 8 being much smaller still. 

18 Z. physikal. Chem., 1937, JB, 38, 295. 

1® Of. R. W. Pohl, Proc. Physical Soc., 1937, 39, Extra part, 1. 

*0 E. Mollwo, Ann. 1937, 29, 304. 

*1 W. Klemna, Atti X Cong. int. Chim.y Rome, 1938, 2, 696; Die Chernies 1943, 56 , 6. 

*8 J. S. Anderson, Proc. Roy. Soc., 1946, A, 185, 69. 
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(dopondent on the interaction energy) the lattice is stable only when the 
concentration of defects is less than a limiting value ; if this is exceeded, 
the non-stoicheiometric phase breaks up into a 2-phase systeip. As the 
saturation concentration of {e.g.) vacant cation holes and interstitial cations 
will in general be different, the range of accessible compositions on the 
metal-poor and the metal-rich side of the ideal formula can differ widely. 
In particular, the maximum permitted concentration of interstitial atoms 
could be less than would correspond to the intrinsic disorder S of the lattice 
of the stoicheiometric compound. The ideal composition would then fall 
within the 2-phase region, and the stoicheiometric compound would be 
unstable : only the phase with a stoicheiometric excess of non-metal would 
exist. In a number of well-established instances (see below) this is found 
to be the case. This model is over simplified but reproduces some typical 
features of equilibria involving non-stoicheiometric phases. 

Occurrence of Non-stoicheiornetry in Binary Co7npounds . — Apart from 
some compounds of variable composition long known from their mineral 
occurrence {e.g.y pyrrhotite), evidence for the existence of non-stoicheio- 
metric compounds has come principally from studies of phase equilibria 
in binary systems, and needs critical examination. In metallic and quasi- 
metallic systems, the standard methods of thermal analysis may reveal 
the range of stability of intermediate phases. Where one component is 
.volatile (e.g,y in oxide and sulphide systems), study of the {p,X)t equilibrium 
is convenient, as used in the long series of memoirs from the Gottingen and 
Hanover schools of W. Biltz.^^ If a solid phase has a range of composition, 
the system is bivariant over the same range ; the equilibrium pressure 
varies with the composition of the solid phase instead of changing abruptly 
from one univariant equilibrium to another at the composition of each 
stoicheiometric solid compound. However, (p,X) isotherms or (T,X) 
isobars of similar shape can result from a completely different cause : 
formation of the product of a reaction in a stoicheiometric but “ active 
state — e.g., imperfectly crystallised or having high surface energy owing to 
its state of subdivision — whereby false equilibria are set up. This has 
too frequently been overlooked, and conclusions drawn from the shape of 
degradation curves have in several instances (cf. lead and antimony oxides, 
below) subsequently been found incorrect. Where, as in such systems as 
NiS-NiSg and CoS-CoSg the experimental measurements have been 
made at temperatures high enough for recrystallisation and true equili- 
bration (diffusion is appreciable above 0-5 X absolute melting point),^*^ the 

** Key papers to the experimental method are : W. Biltz and H. Miiller, Z. anorg. 
Ohem., 1927, 168, 257; W. Biltz and R. Juza, ibid., 1930, 190, 162; F. Wiechmann, 
M. Heimburg, and W. Biltz, ibid., 1939, 240, 129. 

** R. Fricke, Naturwiss., 1943, 81, 469; G. F. Hiittig and F. Kolbl, Z. anorg. Chem., 
1933, 214, 289. 

** W. Biltz, A. Voigt, K. Meisel, F. Weibke, and P. Ehrlich, 1936, 228, 273. 

** O. Hiilsmann and W. Biltz, ibid., 1935, 224, 73. 

G. Tammann, ibid., 1926, 149 , 67. 
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evidence of (p,X) isotherms is significant. Less weight attaches to evidence 
obtained similarly for oxide systems. The melting points of oxides are 
usually so high that “ active ’’ states hamper the attainment of real 
equilibria. 

X-Ray studies have been widely used alone or in conjunction with 
{P,X)t or {TyX)p measurements. Where the diffraction lines of the minimum 
detectable amount of a new phase must be sought, the tendency is to 
exaggerate the range of existence of a phase. A narrow, but finite, range 
of existence may equally well be overlooked. Most conclusive, but used 
hitherto in too few instances, is the precise measurement of cell dimensions. 
Occurrence of a non-stoicheiometric phase can generally be unequivocally 
detected, and the mode of incorporation of the excess of one component 
can be deduced.®* ^9, 30 with paramagnetic or ferromagnetic compounds 
of the transition metals, magnetic measurements can be used to determine 
the phase boundaries.®^* 

Minute departures from stoicheiometric balance, below any limit of 
analytical detection, may still be detected through the electronic semi-con- 
ducting })roperties they confer on otherwise non-conducting crystals.®® Each 
atom of excess metal represents a supernumerary cation + trapped electron 
in the lattice, and constitutes, a filled impurity level from which, by the 
fluctuations of thermal energy, the electron may be excited to the con- 
duction band of the crystal. A cation of higher valency, in a crystal with 
excess non-metal, is a site of electron deficiency, an empty impurity level 
to which an electron may be excited from the originally filled valency band 
of the crystal.®^ Electrons in the first case, or “ 2:)ositive holes ” in the 
second case, are thereby rendered mobile, giving rise to electronic con- 
ductivity but differing in respect of the sign of certain consequential effects 
(Hall effect, thermoelectric effect).®® The relation of semiconducting 
properties to variability of composition is revealed, for metallic oxides, 
by the effect of the oxygen pressure. Diminution of oxygen pressure 
increases the conductivity of oxides derived from the highest valency state 
of a metal (stoicheiometric excess of metal increased), and decreases the 
(positive hole) conductivity of oxides derived from lower valency states 
(stoicheiometric excess of oxygen decreased).®® Even the most refractory 
oxides, like AlgOg and CaO, become metal-excess conductors at high tem- 
peratures ; ®^ colour changes such as those of ZnO, IngOg, CeOg are associated 
with the reversible loss of oxygen atoms from the crystal lattice. C. Wag- 

G. Hagg and G. Soderholra, Z, physikal. Chem.y 1935, B, 29, 88. 

H. Haraldsen, Z. anorg. Chem., 1937, 234, 372. 

W. Klemm and N. Fratini, ihid.y 1943, 261, 222. 

81 H. Haraldsen, ihid,y 1937, 231, 78; 1941, 246, 169, 195. 

88 H. Haraldsen and F, Mehmed, ibid.y 1938, 239, 369. 

88 C. Wagner, Z. physikal. Chem.y 1933, By 22, 181. 

8* For a general review, cf. F. Seitz, J. Appl. Physics y 1946, 16, 663. 

8® For a general review, cf. R. J. Maurer, ihid.y p. 663. 

88 E. Friederich, Z. Physiky 1926, 81, 813; W. Meyer, ibid,, 1933, 85, 278. 

W. Hartmann, ibid,, 1936, 102, 709. 
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ner has sought to follow the (jp,X) equilibria in the ZnO and the Cu^O 
systems on the basis of plausible assumptions as to the relation between 
conductivity and stoicheiometric excess, but his assumptions are in doubtful 
accord with the whole range of experimental facts.®® 

The following survey is not exhaustive, and includes only those com- 
pounds for which explicit evidence has been cited ; intermetallic compounds 
are omitted. Non-stoicheiometric phases are indicated (cf. Klemm) by 
a bar above the idealised formula. 

(I) Hydrides. — The interstitial semimetallic hydrides of Zr, Th, Ta and 
the rare-earth metals approach stoicheiometric compositions only as an 
upper limit of hydrogen content.'*® The essentially Berthollide Pd-H 
equilibria were discussed from the statistical thermodynamic viewpoint by 
J. R. Lacher,*^ and it has recently been shown*® that the Zr-H system lias 
similar characteristics when the complicating effect of oxygen, present in 
interstitial solution in the metal — which vitiated much of 8ie verts ’s work — 
is avoided. The comiilete equilibria might be interjireted along the lines 
indicated in ref. (22).*® 

(II) Sulphides, Selenides, Tellurides. — The table collects data for MX and 
MXg compounds of the first transition series, but omits the (quasi-metallic*) 
subsulphidcs, etc., some of which (e.g., pentlandite NigS^ ** and the C04S3 
jihase *®) undoubtedly have a range of existence. In every case, the MX 
compounds with NiAs tyjie structure exist over a wide range of composition 
(contrast MnS and the low-temperature forms of FeSe and NiS) througii 
the omission of cations from the structure. In some cases at least {e.g., 
’CoS) the stoicheiometric compound is unstable. In the light of the theor- 
etical^iscussion (equation 5) it is important that the proportion S of vacant 
sites of both kinds in the stoicheiometric phase may apparently be as high 
as 5 — 7%.*® The complete transition between VSe and VScg, CoTe and 
CoTcg, NiTe and NiTeg is particularly noteworthy. The NiAs and the 
Cdig structures are so related that the former is transformed into the latter 
by the ordered omission of half the cations. Thus, in the V-Se system, 

\ H. H. von Baumbach and C. Wagner, Z. phyaikal. Chem., 1933, B, 22, 199; 
H.^iPunwald and C. Wagner, ibid., p. 212; J. Gundermann, K. Hauffe, and C. Wagner, 

1937, 37 , 148. 

Cf. B. Gudden, Ergebn. exakt. Naturunss., 1934, 13 , 222; J. S. Anderson and 
M. C.^orton, Proc. Hoy. Soc., 1945, A, 184 , 83; Trans. Faraday Soc., in the press. 

Sieverts et aZ., Z. anorg. Chem., 1926, 153 , 289; 1930, 187 , 155; 1928, 172 , 
1; 193K199, 384. 

Proc. Roy. Soc., 1937, A, 161 , 525. 

M. Hall, S. L. H. Martin, and A. L. G. Rees. Trans. Faraday Soc., 1945, 

41 , 306. ’G 

** Dr. A. L. Q* Rees, private communication. 

** Cf. J. E. Hawley, G. L. Colgrove, and H. F. Zurbrigg, Econ. Qeol., 1943, 38, 335. 

O. Hiilsmann and F. Weibke, Z. anorg. Chem., 1936, 227, 113. 
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H. Haraldsen, ibid., 1937, 234 , B!. Haraldsen and A. Neuber, ibid,, p. 337. 
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the a-phase is stable with up to 17% of the cation sites vacant, the ‘‘ holes 
being distributed at random. A corresponding proportion of ions is 
replaced by or Further increase in the concentration of cation 

holes initiates an ordering process which lowers the crystal symmetry 
(P-phasc). Finally, with 38 — 50% of the original ijation sites vacant, the 
holes are segregated largely into alternate cation sheets of the original 
structure. Another hexagonal, Cdig-type structure results, ideally VSeg, 
but including u]) to 20% extra cations (partial replacement of by V‘^^). 
Only in exceptionally favourable cases can the range of existence be as wide 
as this, and the gaps of miscibility as narrow, but a similar sequence of 
changes is met with in some oxide systems. 

OugS, CugSe, CugTe. The high-temperature modifications of these, with 
a random distribution of cations,®^ are stable with a wide range of cation 
deficiency; certainly up to Cu^.^S, Cui-^Se, Cui.g 5 Te. Certain properties — 
conductivity, self-diffusion, etc. — have a maximum value close to the 
composition Cu^.^X.^h 62 CugS phase is of considerable mineralogical 

interest ; N. W. Buerger considers that cubic chalcocite has the ideal 
composition CujL-gS (^.e., 10 % of cations missing) and is distinct from the 
CugiS phase proper. CuS does not appear to have a measurable range of 
existence.^ As befits the instability of higher valency states of silver, AggS 
is not stable over any wide range of composition, but does take up a measur- 
able excess of sulpliur.®^ Equilibrium com 230 sitions at 300*^ are 

Vapour pressure of S, mm 0 0*6 5-2 21 

Composition Agg-oooS Ag^.^^S Agj.^^S 

(Ilf) Arsenides, etc. — Transition metals form compounds MX, MXg, 
with NiAs and (mostly) marcasite structures respectively ; few systems 
have been investigated tlioroughly. Lollingite, FeAsg, usually contains an 

H. Haraldsoii and A. Neuber, Z. anorg. CVtew., 234, 353. 

61 W. Biltz and F. Wiechmann, ibid., 1936, 228, 268. 

6* R. Juza and W. Biltz, ibid., 1932, 205, 275; H. S. Roberts, J. Amer. Oiem. Soc., 
1935, 57, 1034; H. Haraldsen, Z. anorg. Chem., 1937, 231, 78; 1941, 246, 169, 195; 
Z. Elektrochem., 1939, 45, 370; E. Jensen, Arner. J. Eci., 1942, 240, 695; J. J. Lukes, 
C. F. Prutton, and D. Turnbull, J. Amer. Cfmn. Soc., 1945, 67, 697. 

6» Ref. (11). 

6^ F. G. Smith, Amer. Min., 1942, 27, 1. 

66 A. Oftedal, Z. physihal. Chem., 1928, 132, 208. 

6® H. Haraldsen, Z. anoig. Chem., 1935, 224, 85; M. Heimbrecht, W. Biltz, and 
K. Moisei, ibid., 1939, 242, 229. 

67 S. Tengn6r, ibid., 1938, 239, 127. 68 Ref. (25). 68 Ref. (30). 

«o P. Rahlfs, Z. physikal. Chem., 1936, B, 31, 157. 

®^ H. Reinhold and H. Mohring, ibid., 1937, B, 38, 221 ; H. Reinhold and H. Seidel, 
ibid., p. 245. 

H. Reinhold and H. Brauninger, ibid., 1938, B, 41, 397. 

«» J. Chem. Physics, 1939, 7, 1067; Econ. Oeol., 1941, 36, 19. 

®® A. M. Bateman, ibid., 1932, 27, 52; R. Juza and W. Biltz, Z. anorg. Chem., 
1930, 190, 161. 

•6 H. Reinhold and K. Schmitt, Z. physikal. Chem., 1939, B, 44, 75. 
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excess of iron.®® FeSb exists at the ordinary temperature only over the 
rai^e Fei.i5Sb to Fej.25Sb,®^ and the maximum melting point corresponds 
roughly to Fej^.25Sl|^'^, The ideal formula, however, is established by the 
MAs lattice type, jjfcb and NiBi similarly have an existence range 
with excess of metal^^oicheiometric FeSig is non-existent ; the phase 
of maximum melting poiijjJ; has a 20% deficiency of cations, due possibly 
to substitutional solid solution. ^ 

(IV) Oxides. — Non-stoich^qpietric phases have been reported in the 
systems listed below but, as wdlKbe evident, finality has not been reached 
in a number of instances. Possible'^asons for over-estimating ranges of 
existen(;e have already been indicated. 

TiixLnium.^^ a-Phase, TiOg, TiOg.Qo — p-phase, lower symmetry 
than rutile, TiO^.go — TiOj^.^o*, y-phase, corundum type, TiOj.gg — 

TiOi.4g; S-phase, TiO, NaCl type, TiO^.g^— TiO^.g ; in addition, the metal 
takes up about 42 atoms % of oxygen in interstitial solid solution. The 
TiO phase is of interest as showing how, in a structure with a very high 
degree of Schottky lattice disorder, stoicheiometric variation arises from 
the unbalance of anion and cation holes. 

Composition. TiOi.^g. TiO^ jg. TiO|.oo. TiOo.o»- 

Lattice sites occupied : Ti, % 74 81 85 98 

O, % 98 91 85 66 

Zirconium. Oxides have not yet been investigated, but the metal 
takes up oxygen interstitially to at least ZrOQ-^."^® 

Vanadium. VgOg, corundum type, extends from VO^.g^ to VO4.5 
approx. ; VO, NaCl type, from VO^.g to VOg.*), though the range of existence 
is much narrower at low temperatures.'^® 

Niobium. Oxides have very limited ranges of composition (cf. the less 
ready variability of valency of Nb as compared with V). Nb^Og has a 
probable range NbOg-s — Nb02.4; NbOg, NbO (cf. TiO and VO) no detectable 
ranges, though the NbO structure is of a unique defect lattice type.'^'^ 

Results for chromium oxides are conflicting, and need revision. 
A. Cameron, E. H. Harbard, and A. King found bivariant equilibria in the 

L. H. Bauer and H. Bermann, Amer. Min.^ 1927, 12, 39; M. J. Buerger, ibid.^ 
1934, 19, 37. 

Ref. (9). 

R. Vogel and W. Danndhl, Arch. EisenhiUtenw.y 1934, 8, 39. 

E. S. Makarov, Ann. Sect. d^Av<il. Phys.-Chim.^ 1943, 16, No. 1 ; A.^ 1943, I, 16* 

G. HAgg and G. Funko, Z. phyaikal. Chem.y 1929, By 6, 272. 

G. Phragmen, J. Iron Steel Jnst.y 1926, 114, 397; M. Bamberger, O. Einerl, 
and J. Nussbaum, StaM u. Eiaen, 1925, 46, 141. 

J. L. Haughtbn and M. L. Becker, J. Iron Steel Inet.y 1930, 121, 315. 

P. Ehrlich, Z. Elektrochem.y 1939, 45, 362. 

Iderriy Z. anorg. Chem.y 1941, 247, 63. 

J. H. de Boer and J. Fast, Rec. Trav. chim,, 1940, 69, 161. 

W. Klemm and L. Grimm, Z. anorg. Chem.y 1942, 260 , 42. 

” G. Brauer, ibid., 1941, 248 , L 
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ranges CrOjL.7 — CrO^.g, Cr02.2 — ^CrOg.g, covering the range of complex oxides 
reported by earlier workers.'^® A. Michel and J. B6nard,^® however, do 
not find these phases, but report that Cr203 has an upper limit of com- 
position about CrOj^.gg. 

Lower oxides of molybdenum have long been a matter of disagreement. 
According to G. Hagg and A. Magn 61 i,®^ the system is similar to that of tlie 
tungsten oxides, with p- and p'-phases, roughly M0O2.92 — ^fo02.85 5 
M0O2.85 — M0O2.72; S-phase M0O2. 

Tungsten. O. Glemser and H. Sauer find: a-phasc WO3 — W02-95; 
p-phase WO2.92 — WOogg; y-phase WO2.75 — W02.e5 (W4O11, with X-ray 
diagram identical with the W4O44 of ¥. Ebert and H. Elasch) ; 8-pliase 
WO2.05 — WO2.0Q. Hagg and Magneli substantially confirm these results. 
Closely related are the interesting tungsten bronzes, Na^WOg, etc., of which 
the stoicheiometric compounds (a; = 1 ) apparently do not exist ; the cubic 
sodium bronzes (x ~ 0-95 — 0 * 30 ) are of defective perowskitc type, giving 
place (for x ~ 0*3 — 0*2) to structures of lower symmetry.®^ The tungsten 
blues, and the hydrogen- con taming compounds studied by Ebert and 
Elasch and by 0 . Glemser and H. Sauer a2)pear similar in 

constitution. 

Uranium. It seems clearly established that at elevated temperatures 
stoicheiometric UO3 is unstable, and the LTgOg phase is of widely variable 
composition.®® 

Manganese. Numerous oxides intermediate between Mn203 and MnOg 
have been reported, but their individuality is questionable : if they are not 
mixtures, a non-stoiehciometric phase seems likely. A. Simon and E. Eeher 
inferred the existence of such a phase from tensimetric studies, but other 
workers ®® appear agreed that pyrolusite lias, at the most, only a small 
composition range, although it usually contains less oxj^gen than corre- 
sponds to MnOo-oo* However, at least three modifications of MnOg appear 
to exist.®®’®® Wet methods of preparation {e.g., oxidation of Mn(OH)2 or 
MnO’OH] can produce hydrous oxides of variable composition (but few 
structural defects) through double substitution of Mn®'*' for Mn^+ and OH“ 

J., 1939, 55; S. S. Bliatnagar, A. Cameron, E. H. Harbard, P. I). Kapur, 
A. King, and B. Prakash, J., 1939, 1433. 

Cf. A. Simon and T. Schmidt, Z. anorg. Chem.y 1926, 153, 191. 

Bull. Soc. clmn., 1943, 10, 315. 

Arlciv Kemi Min. GeoL, 1944, 19, A, No. 2; A., 1946, I, 144. 

Z. anorg. Chem., 1943, 252, 144. 

S3 Ibid., 1934, 217. 95; 1935, 226, 65. 

84 G. Hagg, Nature, 1935, 135, 874; Z. physikal. Chem., 1935, B, 29, 192. 

8* Z. anorg. Chem., 1943, 252, 160. 

88 W. Biltz and H. Miillcr, ibid., 1927, 163, 257. 

8’ Z. Elehtrochem., 1932, 38, 137. 

88 M. Le Blanc and G. Wehner, Z. physikal. Chem., 1934, A, 168, 59; C. Drucker 
and R. Hiittner, ibid., 1928, 131, 237 ; P. Dubois, Ann. Chim., 1936, 5, 411. 

88 P. Dubois, loc. cit., ref. (88); O. Glemser, Bet., 1939, 72, 1879. 

•8 W. F. Cole, A. D. Wadsley, and A. Walkley, private communication. 
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for It is reported that one modification of MngOs takes up excess 

oxygen to MnOi-^g at least. 

Iron, Two ranges of non-stoicheioinetric oxides are of importance in 
metallurgy. (I) R. Schenck and T. Dingmann first reported that the 
FeO (wiistite) phase, stable only above 580 °, invariably contains a stoicheio- 
metric excess of oxygen which represents an excess of vacant cation sites.® 
At 1400 ° the range of composition extends from FeOj^.Q55 to FeOi.^^.®^ 
Although his interpretation cannot be accepted, the work of J. Benard 
has shown that in the oxidation of iron at high temperatures the primary 
product is the FeO phase, with a continuous composition gradient from the 
iron-rich limit to the oxygen-rich limit. A means is thereby provided for 
a continuous diffusion of iron through the oxide film to the FcO-Og inter- 
face, as envisaged by K. Fischbeck.®® ( 11 ) G. Hagg showed that Fe304 
and the y-Fe203 defective spinel structure represented the limits of one 
phase of variable composition. At high temperatures, where y-FcgOa is 
unstable, the phase relations are still uncertain. R. C. Sosman and J. C. 
Hostetter concluded that a-FcgOg and Fe304 had extended ranges of 
existence towards lower and higher oxygen contents respectively, and 
J. C. White appears to confirm this substantially, l^ater work by Sosman 
et indicated that neither FcgOg nor Fe304 was appreciably variable in 
composition. 

Cohalt, M. Le Blanc and E. Mobius and M. Watanabe report that 
CoO and Cog04 can each take up a substantial stoicheiometric excess of 
oxygen. 

Nickel, Black NiO was found by M. Le Blanc and H. Sachse to 
contain an excess of oxygen, although a homogeneous phase. According 
to W. Klemm and E. Hass, stoicheiometric NiO is metastable, breaking up 
into NiOi-oog + Ni.^®^ 

Copper, CuO is apparently stoicheiometric, but the much studied semi- 
conducting properties of CugO depend on a small excess of oxygen, which 
is present in true equilibrium with the gaseous phase at high temperatures, 
as envisaged by theory. Measurements by C. Wagner and H. Hammen 
give, in equilibrium with 0*7 mm. of Og at 1000 °, CU2O1.00052J with 33 mm. 
of O2, CU2O4.QQ444. 

91 Feitknecht and W. Marti, Helv. Chim. Acta, 1945, 28, 129, 149. 

(a) M. Bliimenthal, Bull, Soc. chmi,, 1933, 53, 1418; {h) C. B. Holtermann, Ann. 
Chim., 1940, 14, 121. 

»» Z. anorg, Chem., 1927, 166, 113. 

L. S. Barken and R. W. Gurry, J. Atner. Chem. Soc., 1946, 67, 1398. 

Ann. Chim,, 1939, 12, 5; Compt. rend., 1943, 217, 77. 

Z. Metallic., 1932, 24, 313; Metallwirts., 1935, 14, 733. 

Z. physikal. Chem., 1935, B, 29, 95. J. Amer. Chem. Soc., 1916, 88, 807. 

Iron and Steel Inst., Carnegie Schol. Mem., 1938, 27, 1. 

Amer. J, Sci., 1935, 30, 239. 101 Z. physikal. Chem,, 1929, A, 142, 161. 

Sci, Rep. Tdhoku, 1934, 23, 89; A., 1934, 699. 

'w Z. EUkProchem., 1926, 32, 68, 204. 

Z. anorg, Chem., 1934, 210, 82. Z. physikal. Chem., 1038, B, 40, 107. 
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Zinc, Although the composition of ZnO is not measurably variable, 
its semiconducting properties show that the colour change on heating is 
associated with a loss of oxygen and the presence of a minute excess of 
zinc.^®® The red ZnO obtained by A. Kutzelnigg has been shown by 
A. Greenstone and W. Ehret to contain up to 0*02% excess of zinc, but 
may well be thermodynamically highly unstable. Cadmium oxide probably 
has at least a similar range of composition, and the reversible colour 
changes of other oxides (lugOg, CeOg) can probably be interpreted similarly. 
Finality as to the oxides of lead has certainly not yet been reached. Pb304 
seems to be a closely stoieheiometric compound, but M. Le Blanc and 
E. Eberius concluded that PbO, Pb02, and another intermediate oxide 
were all non-stoicheiometric. It now ap2)ear8 that PbOg has only a 
narrow range, perhaj^s from Pb04.95 to Pb02.oo; probably not obtain- 
able without constitutional water and the limited stoieheiometric variability 
could arise from replacement of 20^" by 20H~, Pb^^ by Pb2+, in the ideal 
structure (cf. MnOg). By degradation of Pb02, or by reaction of PbO with 
oxygen, two definitely non-stoicheiometric intermediate oxides may be 
formed, but there is no agreement as to their nature. Bystrom’s a-PbOx 
with the range PbO^.g — PbOi.e7 may correspond with the non-stoicheio- 
metric or stoieheiometric PhsOg or Pb^O^i phases of other workers 
(although there is no agreement as to the symmetry of this phase) . Bystrom’s 
p-PbOa; (PbOi.47 — PbOi.54) 2)robably corresponds to G. L. Clark and 
R. Rowan’s PbOx- However, the discrepancies between different workers 
are not to be reconciled. 

Antimony, The oxides provide an invStructive instance of false conclu- 
sions drawn from tensirnetric measurements, indicative of a phase of con- 
tinuous composition between SbgOg and SbgO^ and ap2)arently confirmed 
by X-ray measurements.^^^ Later work has put a completely different 
interpretation on the facts, and provides no evidence of stoicheiometrically 
variable antimony oxides. 

(V) Halides , — The electrical conductivity of cuprous iodide is strongly 
dependent on the j)ressure of iodine in equilibrium with the solid compound. 
This, as first shown by K. Badeker,^^’^ takes up a stoieheiometric excess of 

Ref. (38). 10’ Z, anorg. Chem,, 1932, 208 , 23; 1934, 221 , 116. 

108 j, Amer, Chem, Soc„ 1943, 65 , 872. 

100 R. Faivre, Ann, Chim.^ 1944, 19 , 58; H. H. v. Baumbach and C. Wagner, 
Z, physikal, Chem,, 1933, J5, 22 , 199. “o Ibid,, 1932, A, 160 , 69. 

Ill A. Bystrom, Arkiv Kemi Min, Oeol., 1945, 20 , A, No. 1 1. 

11 * G. L. Clark and R. Rowan, J, Amer. Chem. Soc., 1941, 68, 1305. 

11 * F. Fischer and H. Ploetze, Z. anorg. Chem., 1912, 75, 1. 

11 ^ A. Simon and E. Thaler, ibid., 1927, 162 , 253. 

11 ® U. Dehlinger, Z. physikal, Chem., 1929, B, 6 , 127 ; U. Dehlinger and R. Glocker, 
Z, anorg, Chem., 1927, 165 , 41. 

11 * K. Dihlstrom and A. Westgren, ibid., 1937, 285 , 153; K. Dihlstrbm, ibid., 1938, 
289 , 57. 

11’ Ann. Physik, 1907, 22 , 749; 1909, 29 , 566; Phyeikal. Z., 1908, 9 , 431; 1912, 
18 , 1080; K. Nagel and C. Wagner, Z. physikal, Chem., 1933, B, 25 , 71. 
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iodine, up to the composition CUI1.0Q45. The Cul system is one of the few 
for which (j9,T,X) equilibrium data can be correlated properly with measure- 
ments of semiconducting properties. 

(VI) Ternary Compounds, — Distinction between non-stoicheiometric 
compounds and mixed-crystal phases is liere more arbitrary, since in addition 
to subtractive and interstitial types of solid solution, there is the possibility 
of '' anomalous ” solid solutions — also involving the creation of vacant 
lattice sites or interstitial atoms — of the kind exemplified by the y-Alo03- 
MgAl204 phase,^® and the defective fluorite-type solid solutions studied by 
Zintl et However, certain classes of ternary compound have been 

described which are inherently non-stoicheiometric, c.f/., the tungsten 
bronzes already mentioned. Sill on and his co-workers have recently 
described a number of double oxides and oxy-halides of bismuth with 
bivalent metals in which, by variation in the cation ratio, either 

(i) the cation lattice remains complete, but a variable proj)ortion of oxygen 
sites is vacant, or (ii) the anion lattice is perfect, but the number of cations 
iu the structure is variable. Rational formulae cannot always be assigned to 
“ idealised ” compounds. Of type (i) are the double oxides 
— e,g., Pb1.2BiQ.QO2.40 to Rbo.giBii.ggOg.og,^^® and analogous compounds of 
cadmium and the alkaline earths. The oxy halides of bismuth with cal- 
cium, cadmium, and other bivalent metals are of ty})e (ii), and exemplify 
some very interesting structural principles; the inbca-ently non-stoichejo- 
nietric phases 3a;Bi 1 + 2^02X3, + ^^^^2 - + 2 ^® 6^7 

(X — Cl, Br) have been described. According to C. Brosset,^^^ potas- 
sium cryolite, ideally K3AIF5, may vary in composition through re})lace- 
ment of AlFg^" groups by [A1F3(H20)]^“ groups, with corresponding omission 
of cations (up to 3 %) from the structure. A range of homogeneity has 
also been assigned to the alkali tantalates and niobates.^^® It is likely 
a j)riori that the ternary sulphides, etc., will be variable in com])osition, but 
few systems have been closely studied. Chalcopyrite appears definitely 
non-stoicheiometric, with the limiting composition CuFeS^. 34.^27 

Bole of Non-stoicheiometric Phases in the Beaciions of Solids. — Reactions 
between solids, or between solid and fluid substances, take place at the 
interface between the reactants. Transport of reactant to this interfac*e 
must take place, in general, by diffusion through the solid product of reac- 
tion, and this may be the rate-determining process in the reaction. The 

R. J. Maurer, J. Chem. Physics, 1945, 13, 321. 

Z. anorg. Chem., 1939, 240, 145, 160; 1939, 242, 79. 

L. G. Sillcn and B. Aurivillois, Naturwiss., 1939, 27, 388; Z. Krist., 1939, 101, 

483. 

121 L. G. Sill6ti and B. SilI6n, Z. physikal. Chem., 1941, B, 49. 27. 

128 B. Aurivillois, Arkiv Kemi Min. Geol., 1943, 18, A, No. 17. 

123 L. G. Sill6n and A. S. Gjorling-Husborg, Z. anorg. Chem., 1941, 248, 121, 135. 

124 L. G. Sill6n, ibid., 1941, 246. /331. 

125 ^rkiv Kemi Min. Oeol., 1946, 21, A, No. 9. 

i3<* F. Halla, A. Neth, and F. Windmaisser, Z. Krist., 1942, 104, 161. 

i»7 i<^ Merwin and R. H. Lombard, Econ. Oeol., 1937, 32, 203. 
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mechanism of diffusion, and of ionic conduction, in polar solids can be 
interpreted in terms of the presence and migration of lattice defects, and 
departure from stoicheiometry, by controlhng the concentration of inter- 
stitial ions or vacant sites, affects the diffusion coefficient D. This applies 
both to ionic conductivity or diffusion along a concentration gradient and 
to self-diffusion, as has recently been shown experimentally. Where 
only one ion (most frequently the cation) is mobile, i) is a minimum for the 
stoicheiometric crystal, in the case of a crystal with Frenkel defects, or 
increases monotonically with stoicheiometric excess of non-metal for the 
case of Schottky defects. In reactions, stoicheiometric variations enable a 
composition gradient to be set up through the layer of reaction product. 
C. Wagner has derived a quantitative theory for “ tarnish ” reactions, 
wliich j)roceed by continuous migration of cations to the solid- gas interface 
[cf. ref. ( 96 )], and has extended it to include reactions between solids — e.g., 
double salt, spinel, and silicate formation. The acceleration of such 
processes by conditions producing small deviations from stoicheiometry has 
been demonstrated for the formation of MgAl204.^®^ Both AI2O3 and MgO 
are metal-excess conductors at high temperatures, and their union proceeds 
markedly faster in vacuum or in hydrogen than in air. Such factors may 
have considerable significance in ceramic processes.^®® 

There is some evidence that non-stoicheiometric phases can be formed 
under non-equilibrium conditions, as intermediate stages in the formation 
or dissociation of solid compounds. For instance, brucite formed by slow 
oxidation of magnesium in moist oxygen, or partially dissociated silver 
oxide is stated to contain an excess of metal. Analogous cases are on 
record. 

In a broad sense, the non-stoicheiometric character of a solid may be 
associated with the mechanism of catalysis in heterogeneous reactions. 
Thus, C. Wagner and K. Hauffe have deduced the rate-determining step 
in the nickel-oxide-catalysed reactions 2 CO + Og — 2CO2, 2N2O “ ^^2 + 
from the composition of the oxide catalyst (as shown by its electronic con- 
ductivity) in the stationary state. Similar observations have been made 
for the H2 + S — > H2S reaction catalysed by silver sulphide,^®® and 
the mechanism of the catalysed water-gas reaction and the ammonia 

C. Wagner, Z. physikal. Chem.^ 1931, Bodenstein Festb., 177. 

J. S. Anderson and J. R. Richards, *7., 1946, 637. 

130 Z.phy8ikalChem.,l9n,B,21,25; 1936, B, 32 , 447 ; 1936, 49 , 735. 

131 C. Wagner, Z. physikal. Chem., 1936, B, 34, 309, 317. 

13* H. C, Castel, S. Dilnot and M. Warrington, Nature, 1944, 153, 663. 

1*3 Cf. J. A. Hedvall, Die Chemie, 1942, 56, 334; Trans. Chalmers Univ. Technology , 
Gdtehorg, 1942, No. 16. 

13* R. Faivre and A. Michel, Compt. rend., 1939, 208 , 1008. 

136 R. Faivre, ibid., 1940, 210 , 398. 

13® E. I. Mokeeva and N. I. Mokeova, J, Physical Ghetn. Russ., 1941, 15, 686. 

137 Z. Electrochem., 1938, 44 , 172. 

133 H. Reinhold, W. Appel, and P. Frisch, Z. physikal. Chem., 1939, A, 184 , 273. 

13* E. Doehhnann, Z, Elektrochem., 1938, 44 , 178. 
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synthesis ® have been discussed from a similar standpoint. A further influence 
upon the surface properties of solids is shown by the dependence of adsorptive 
properties of metallic sulphides upon small variations of stoicheiometric 
composition.^^® 

J. S. A. 


2. Complex Compounds of the Platinum Metals. 

In 1944 ^ it was observed that platinum metal complexes have recently 
received special attention particularly by Russian workers, but it was 
found necessary to defer discussion of their work to a later report, and it 
is this work which forms the bulk of the present review. 

Platinum, 

Olefin Complexes . — The complexes formed by metallic salts and olefins 
were discovered before 1830 ^ but no satisfactory structure lias yet been 
assigned to them. Since the last review of this subject in 1936 a com- 
prehensive account of tliese compounds by R. N. Keller ® and a considerable 
volume of work by Hd'man and his co-workers have been published. 
Platinum salts form the best-known and most stable complexes, so work 
has been limited almost entirely to the platinum series. Palladium com- 
plexes are less stable and recent attempts to obtain cobalt and nickel com- 
plexes were unsuccessful.^ Typical members of the series are KfPt C2H4 CI3], 
[(Pt C2H4 012)2], [Pt C2H4 py OI2] and the most recently added member 
[Pt C2H4 NH3 py ClJNOg.^ The anionic complex is very much more stable 
than the cationic complex, and attempts to obtain two mono-olefins attached 
to one platinum atom have so far failed.®’ 

Unsaturated molecules behave similarly to ammonia and occupy only 
one co-ordination place round the platinum atom, but they differ from 
ammonia and pyridine in their directing influence on substituents entering 
a complex which already contains an olefin. They labilise the group in 
the ^mri^-position so that, in preference to the cis-groups, it is replaced by 
the entering substituent. This difference is illustrated by comparing the 
reactions (A) and (B) with the analogous reactions (C) and (D).*^’ ® 

Whilst the products (I) and (II) are identical, but different from Jor- 
gensen’s ® [Pt(NH3) py ^^2]’ products (III) and (IV) are isomeric. (I), (II), 
and (III) are claimed to be w-isomers, but (IV) is claimed to be the trans- 

J. A. Hedvall and S. Nord, Z, Elektrochem.y 1943, 49 , 467. 

^ Ann. Reports, 1944, 41, 98. * W. C. Zeise, Mag. Rharm., 1830, 35, 105. 

* Chew. Reviews, 1941, 28, 229. 

* A. D. Hel’man and 1. B. Litvak, Ann. Secteur plaline, Inst. chim. gen. (U.iS.S.R.), 
1939, 16, 29. 

® A. D. Herman and E. A. Meilakh, Compt. rend. Acad. Sci, U.R.S.S., 1946, 51, 207. 

* A. D. Hel’man, ibid., 1939, 23, 532. 

’ 1. 1. Chemyaev and A. D. Herman, Ann. Secteur platine, Inst. chim. gin. ( U.S.S.R.), 
1938, 15, 5. 

* A. D. Hel’man, Compt. rend. Acad. Sci. U.R.S.S., 1939, 22, 107. 

* S. M. Jorgensen, J. pr. Chem,, 1886, 33, 489. 
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isomer, and the analogously prepared pyridine complex [Pt(C2H4) py CI2] 
reacts with pyridine to give trans-[^t py2 Clg].^® 

(A) K[Pt(NH3)Cl3] + py === [Pt(NH3) py CI2] + KCl 

(1.) 

(B) K[Pt py CI3] + NH3 [Pt py (NH3) CI2] + KCl 

(II.) 

(C) K[Pt(NH3)Cl3] + C2H4 ^ [Pt(NH3)(C2H4)Cl2] + KCl 

(III.) 

(D) K(Pt(C2H,)Cl3] ~f NH3 =. [Pt(C2H4)(NH3)Cl2l -|- KCl 

(TV.) 

Reactions (C) and (D) have been shown to be general and have been 
a})plied to obtain similar isomers containing other olefins and carbon mon- 
oxide instead of ethylene as well as bromine instead of chlorine.^ By 
further adaption isomers containing four different groups attaelied to the 
platinum atom have been obtained, e.g., [Pt(C2H4)(NH3)ClBr].^^ 

It was shown by J. 8. Anderson tliat the stability of the ethylene 
complexes of PtCl2 was altered markedly b}^ substitution of other univalent 
radicals in place of chlorine and also by substitution in the ethylene molecule 
itself. This work has been repeated and extended by Russian workers, 
who have found that the amine substituent in [Pt(C2H4) am Cl 2] causes a 
decrease of stability in the order : am — quinoline > pyridine > am- 

monia > thiourea. They confirm that the stability decreases as chlorine 
is replaced in the order : Cl > Br > 1 > NOg > CNS > CN, but differ 
from Anderson in placing styrene higher than ethylene in the stability of 
its complexes. They find the following order of stabilities : NO > 

CO > styrene > butadiene -- CgH^ > C3H«~C,Hg. 

This work is somewhat qualitative as no allowance is made for the 
relative volatilities and solubilities of the various olefins. The replacements 
of unsaturated molecules were effected by reaction of the a})propriatc 
unsaturated substance Un with a dilute acid solution of the salt K[PtUn'Cl3], 
then trying the reverse replacement Un' into K[PtUnCl3]. Sometimes it 
was found that both replacements occurred, e.g,, with propylene and 
butylene. 

Besides the above series of stabilities two interesting facts emerged ; 
when attempts were made to replace CO by NO in py H[Pt(CO)Cl3] in very 
acid solution by passing NO through it for two months, the platinum was 
oxidised and (py H)2[PtCl3] was isolated ; and also the reaction of ethykme 
with the [PtClJ* ion in dilute acid solution is catalysed by propylene. 

T. I. Chornyaev and A. D. Hel’man, A wn. Secteur platine, Inst. chim. gin. ( U.jS.S.R.)t 
1937, 14, 77. 

A. I). Herman, Compt. rend. Acad. Sci. U.R.S.S., 1937, 16, 351. 

A. D. Herman and M. Bauman, ibid., 1938, 18, G45. 

A. D. Herman, ibid., 1943, 88, 310. J., 1934, 971. J., 1936, 1042. 

A. D. Hel’man, Compt. rend. Acad. Sci. U.M.S.S., 1941, 32, 347. 

A. D. Herman, ibid., 1938, 20, 307. 
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By passage of a mixture of propylene and ethylene into an acid solution of 
potassium chloroplatinite for four da37s, a 52 % yield of Zeise’s salt free from 
the propylene salt was obtained, whereas pure ethylene in the same time 
would have given only a 15 % yield. It is suggested that the greater 
solubihty of propylene leads to a more rapid reaction with the [PtCl^]” ion, 
yielding [Pt(C3H^JCl3]‘' as intermediate from which the propylene is rapidly 
evicted by the ethylene. 

It is interesting that, although CO readily replaces aU the olefins from 
ions of the type [Ft Un 013]“, the [Pt(CO)Cl3]~ ion produced is comparatively 
unstable, being decomposed by water except in strongly acid solution. On 
the other hand, the NO comj^lexes are exceptionally stable, ^^et NO replaces 
the olefins only very slowly. 

It appears that the dioleflns, butadiene and diallyl, do not form chelate 
complexes but each double bond reacts with a different platinum atom.^’ 

Attempts to obtain chelate comjiounds by using ethylenediamine led 
to no greater success : 

2KLPt(CoH4)Cl3] f ^ [{(C2l-l4)PtClo,NH2*CH3*}2l 

The structure of these complex compounds remains unsolved.* Herman 
has suggested that the ethylene molecule undergoes an electromeric change 
in the presence of the platinum-containing ion, and the carbon atom with a 
deficiency of electrons accepts two electrons from the })latinum atom, pre- 
sumably from a 5 d orbital, thus raising the platinum to the platinic state. 
The other carbon atom now donates its electrons to the platinum atom, 
forming a four-electron bond between the ethylene molecule and the platinum 
atom. In support of this the electrometric titrations of K[Pt(NH3)Cl3], 
NH4[Pt(C2H4)Cl3], K2LPtCl3(C4H6)PtCl3], and NH4[Pt(NH3)Cl5] were com- 
])ared in acid solution using O-lN-permanganate to effect the oxidation. 
Oxidation occurred only when K[Pt(NH3)Cl3] was titrated also the 
initial potential of the solution of K[Pt(C2H4)Cl3] was 650 mv., and of the 
above butadiene analogue 700 mv. as compared with 660 mv. for 
NH4[Pt(NH3)Cl3] and 520 mv. for NH4[Pt(NH3)Cl3]. These results support 
the suggestion that platinum in the olefin complexes is in the platinic state, 
but this point deserves further investigation for it would appear that we 

18 Doklady Akad. Nauk. S.S.S.R,, 1943, 38 , 272. 

1 ® A. D. Herman, Compt. rend, Acad. Sci. U.B.S.S., 1939, 24 , 549. 

20 A. D. Hel’man and D. I. Ryabchikov, ihid.^ 1941, 33, 462. 

* Since this report was completed, A. D. Walsh [Naturey 1947, 159, 165; J.y 1947, 
89) has pointed out that the ionisation potential of the tt electrons of ethylene is 10*45 v. 
as against 10*8 v. for the lone pair electrons of ammonia and suggested that the rt elec- 
trons should be capable of donation to suitable atoms or groups thus binding together 
throe nuclei. This view is closely allied to that of Winstein and Lucas (J. Ainer. Chem. 
Soc.y 1938, 60 , 836) who proposed a resonance of the throe structures: 

>c=:c< >c- c< 

I 

Ag+ Ag 

after their study of the silver ion complexes. 


Ag 
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have the unusual and somewhat loose combination of two reducing sub- 
stances to yield a product resistant to oxidation by permanganate. 

Bokii 21 , 22 , 23 attempted to obtain the structure of 

ci5-LPt(NH3)(C2H,)Cl2] 

by X-ray methods and claims that the substance is dimeric, ^with a Pt-Pt 
bond of length 1*4 A. Each platinum atom is surrounded in a distorted 
octahedron by the other platinum atom, two carbon atoms, two chlorine 
atoms, and a nitrogen atom. Again it would appear that the platinum is 
in the platinic state, but it must be remembered that the weight of previous 
chemical evidence has pointed to the platinum being in the bivalent 
state. 

Acetylene compounds analogous to the ethylene complexes have not 
been obtained, and attempts lead only to brownish intractable substances. 
However, the substituted acetylene CMe 2 (OH)*CiC*CMe 2 (OH) ( - Un) has 
yielded a compound [PtUn ]>y Clg] similar to the corrcsj)onding trans- 
ethylene comp] ex. 2^ 

Aminopyridine Complcxe.s . — As might bo ex 2 )eeted from its stereo- 
chemistry, 2-aminopyridine (aj)y) does not form chelate compounds with 
platinous chloride,^^* 2 g compounds formed [iipy^^PtClgJ and 

[apy 4 pt]Cl 2 are more stable than the corresponding pyridine or ammonia 
derivatives. The former, obtained by direct action of 2-aminopyridine on 
potassium chloroplatinate, has been asigned a c/6-configuration, which is 
to be expected, and to account for its greater stability, A. M. Rubinshtein 27 
suggests that the co-ordination takes place through the tertiary nitrogen 
atom whilst the amino -hydrogen atoms take jiart in hydrogen-bond form- 
ation with the adjacent chlorine atoms. More highly substituted pyridines, 
e.g.y 5 -iodo -2-aminopyridine, react directly with potassium chloroplatinite to 
yield, in this case, ^m/25-[iapy2PtCl2], jirobably because steric hindrance 
prevents formation of the cit?- compound. The iodoaminopyridine is readily 
replaced by pyridine to yield ^m?i5-[py2PtCl2].“®» 

Thiosulphate Complexes . — Surprisingly little research into platinum 
thiosulphate complexes had been done until D. I. Ryabchikov started a 
very thorough study of them in 1938 and found that the thiosulphate ion 
is co-ordinated very strongly to Previously, P. Shottltoder had 

obtained Nag[Pt(S 2 O 3 ) 4 ], 10 H 2 O by action of excess of sodium thiosulphate 

G. B. Bokii and E. E. Baishteii, Doklady Akad. Naiik. S.S.S.E.y 1943, 38, 323. 

22 G. B. Bokii and E. E. Vainshtein, Cmnpt. rend, Acad. Sci. UJi.S.E., 1943, 38, 307. 

28 G. B. Bokii, N. I. Usikov, and G. L. Tnisovich, Bull. Acad. Sci. U.R.S.S., Classc 
sci. chim.f 1942, 413. 

84 A. D. Herman, S. Bukhovetz, and E. Moilakh, Co?npl. rend.. Acad. Sci. U.R.S.S., 
1945, 46 , 105. 

8^ A. M. Rubinshtein, ibid., 1938, 20 , 675. 

8^^ A. M. Rubinshtein, Bull. Acad. Sci. U.R.S.S., Classe sci. chhn., 1944, 42. 

87 Compt. rend. Acad. Sci. U.R.S.S., 1944, 43, 59. 

88 A. M. Rubinshtein, Bull. Acad. Sci. U.R.S.S., Classe sci. chim., 1944, 216. 

88 A. M. Rubinshtein, Compt. rend. Acad. Sci. U.R.S.S., 1944, 44 , 277. 

80 Ibid,, 1938, 18, 39. 8i Annalen, 1866, 140 , 200. 
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on potassium chloroplatinite, but the co-ordinating affinity of the thio- 
sulphate radical is such that the halogen atoms of the [PtCl4]“ ion can be 
replaced two at a time by action of sodium thiosulphate in theoretical 
proportions, *2 yielding the ions [Pt(S203)Cl2]“, [Pt(S203)2]”, [Pt(S203)3]*-, 
and finally [Pt(S203)4]®~. These complexes are very stable; even hot 
hydrochloric acid fails to produce elementary sulphur or other appreciable 
change in them and the thiosulphate ion occupies either one or two co- 
ordination places. 

The extraordinary co-ordinating affinity of the thiosulphate ion is 
strikingly illustrated by the action of sodium thiosulphate on [Pt(NH3)4]Cl2.^® 
Normally, the replacement of the ammonia molecules by acid radicals 
requires an excess of reagent and does not proceed easily, but thiosulphate 
in theoretical quantity reacts in hot solution with evolution of ammonia to 
produce [Pt(NH3)3S203] or /m7^5-Na2[Pt(NH3)2(S203)2],6H20 according to 
the ])roportions of the reagents, and excess of thiosulphate yields 
Na2[Pt(S203)4]. Even thiourea is completely evicted from fPt{CS(NH2)2}4]^ 
by excess of thiosulphate. 

Particular interest attaches to the ion [Pt(S203)2J"* which has been 
obtained in cis- and ^rawe9-forms,^2 an isomerism very common amongst the 
cationic and neutral platinous complexes but very rarely observed in anionic 
com})lexes. The two ions are produced together when the chloroplatinite 
and thiosulphate (1-8 mols.) react in aqueous solution, and are readily 
separated by the great difference in solubility of their potassium salts. 
Ethylenediamine reacts differently with the two salts, and on the basis 
that oxygen co-ordination places are attacked in preference to sulphur, 
the isomers have been orientated by the following reactions : 


Soluble isomer. 



+ en — 


"0,S, 




/S-O, 


^en 


SjmringUj soluble isomer. 

02S<(^Vt/^^S02 


+ en ~ 


en 

\q/ KJ 


+ S2O3 


Hence the soluble isomer is cis-y and the less soluble is trans-. 

Ryabchikov also finds that the group irans- to the sulphur atom in the 
thiosulphate complexes is labilised in the same way as it is by thiourea. 
This fact strengthens his argument regarding the orientation of [Pt(S203)2]“ 
and is well illustrated by comparison of the reaction between thiosulphate 
and cis- and ^m7i.9-[Pt(NH3)2Cl2],^® which he has suggested as useful to 
distinguish cis- and ^mr^5-isomers of platinum diammines.®® Both isomers 


D. I. Ryabchikov, Compt. rend. Acad. 8ci. V.R.S.S.y 1940, 27 , 349. 
Idem, ibid., p. 690. ’* Idem, ibid., 1943, 41 , 208. 

« Idem, ibid., 1940, 28 , 231. •• Idem, ibid., 1941, 82 , 344. 
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react with one molecule of thiosulphate to give sparingly soluble precipitates 
but these have different metal contents. 


m.[(NH3)2PtX2] + — > [(NH3)2 Pt S3O3] i 

rNH3^ ^03- 

/ran 5 -[(NH 3 ) 2 PtX 2 ] + Na Pt 

L X nhJ 


rNH3 

Pt I 

Lh,o NH3J 


The labilising influence of the thiosulphate radical causes the X radical 
in the ^mw 5 -position in the unstable intermediate to be replaced by a water 
molecule. 

Two molecules of sodium thiosulphate substitute both acid radicals in 
both isomers, but the products (V) and (VI) differ markedly in their stability 
towards excess thiosulphate, for, whilst (V), having both ammonia molecules 
labilised by <mn 5 -thiosulphate radicals, reacts with any slight excess of 

“NHa S2O3I rNH3 S^Og"] TNHg 8,03“ 

X / X / X 

Nag Pt Nag Pt Hg Pt 

_NH3'^S203J L 830^^3] _ 0 , 8 O>y 

(V.) (VI.) (VII.) 

thiosulphate, yet (VI) is stable to 2 — 4 molecules excess of thi()sul]>hate. 
Even the acid (VII), prepared from the barium salt by means of sulphuric 
acid, is stable in aqueous solution and is a strong acid.^^ Larger excess of 
thiosulphate replaces all the ammonia from both isomers. 

The converse eviction of thiosulphate ions by amines is possible,^® but 
even thiourea in hot aqueous solution can replace only three thiosulphate 
radicals from Kg[Pt(S203)4] to give [Pt{CS(NH2)2}3S203]. Ammonia re- 
places only two to yield ci5-K2[(NH3)2Pt(S203)2], and ethylenediamine 
behaves similarly, whereas pyridine, presumably through the intermediate 
formation of ci5-K2[pygPt(Sg03)2], removes two thiosulphate ions, but 
because of the labilising effect of the <m 7 i 5 -thiosulphate ions, the pyridine is 
lost and the final product is Kg[Pt(S203)2] ; ^mw5-K2[py2Pt(S203)2] is, of 
course, quite stable.®® 

Thiosulphate complexes of quadrivalent platinum could not be obtained 
either directly ®® or by oxidation of the platinous complexes.^® In the 
former case the platinum was reduced to the bivalent state by the thio- 
sulphate, and in the latter the oxidation occurred in three stages, the first 
of which was oxidation of the thiosulphate with deposition of elementary 
sulphur. The platinum salt was then oxidised and finally the sulphur. 

Palladium forms similar thiosulphate complexes,^^ but as would be 

D. I. Ryabohikov, Compt. rend. Acad. Sci. U.B.S.S.y 1940, 28, 236. 

Ideniy ibidyy 1943, 40, 229. ®» Jdem, ibid., 1944, 42, 178 

*0 Ide^n, ibid., 1941, 88, 233. 

D. I. Ryabchikov and A. P. Isakova, Doklady Acad. Nauk. 8.S.S.B., 1943, 41, 

169 . 



126 


mOEGANIO OHBMISTEY. 


expected no isomerism was observed, and the equimolecular reaction of 
thiosulphate and palladochloride produced PdS and rdS^^Og but not 
Na2[Pd(8203)Cl2J, which is in keeping with the lower stability of palladium 
comyjlexes usually observed. 

Ilydroxylamine Complexes. — The lower stability of palladium complexes 
is well illustrated by the reaction of halogen acids with [Pt(NH2*OH)4](OH)2 
and its palladium analogue described by Goremykin and his co-workers in 
their comparative study of these complexes. 

Products from- - 

Acid. [Pt(NH.,*C)H)4l(011)2. [Pd(NH 2 *OH)J(OH),. 

HP rPt(NH2-OH)4l(HP2)2 (Pd(Nll2-C)ll)J(HF2)2 

HPl LPi(NU2-C)H)4iCl2 LPd(NlVOH)4|Cl2 1 LPd(NH2-OH),Cl,] 

HBr [Pt(NH 2 *OH) 4 ]Br 2 + [Vt{N 11,^011) 

HI [Pt(NH2*OH)4]l2 + [Pt(NH2*OH)2l2] Pdlg 

Direct oxidation of the platinous hydroxylamine complexes by chlorine 
or bromine docs not yield the platinic^ complexes, the hydroxylamine being 
oxidised in j^reference to the platinum,^ but tliey have been prepared in a 
very interesting way.^^’ 

'when a [Pt(NH2‘OH)4] ' '' salt is heated on a water-bath with 20 — 48 % 
hydrobromic acid the platinum is oxidised, presumably by the hydroxyl- 
amine liberated from the com})lcx, and bright orange insoluble derivatives 
of Pt^^ can be isolated, e.g., [Pt(NH2*OH)2Br4]. Starting from mixed cis^ 
tetramines, e.g.y [Pt(NH2*OH)opy2]^ ^ mixed derivatives of type 

[Pt(NH2-OH)pyBr4] 

are obtained. 

Unlike the platinous hydroxylamine complexes, the platinic complexes 
decompose without explosion when they are heated, and also the hydroxyl- 
amine can bo replaced by pyridine. In the latter reaction the liberated 
hydroxylamine reduces the platinum to the bivalent state again. 

Iridium. 

^Sulphito- complexes . — Lebedinsky and Gurin have made a study of 
chlorosulphitoiridites and aminosulphitoiridites in which iridium is tervalent. 
By heating sodium chloroiridite with an excess of sodium bisulphite three 
chlorosulphitoiridites are obtained according to the time of reaction. If 
the heating is stopped when the olive-green solution has become light red, 
yellow Na7lr(S03)4Cl2,7H20 crystallises out together with red 

Na;ir(S03)2Cl4,7H20. 

If the reaction is continued until the solution is dark rod then only the 
red salt crystallises out and the yellow salt appears slowly from the 

*2 V. I. Goremykin, Conipt. rend. Acad. Sci. U .R.S.S.f 1938, 18, 341. 

*8 idem, ibid., 1941, 82, 633. 

** Idem, Bull. Acad. Sci. U.R.S.S., Clasae sci. chim., 1944, 185. 

V. I. Goremykin and K. A. Gladyshevskaya, ibid., 1943, 108. 

** Idem, ibid., p. 338. 

V. V. Lebedinsky and M. M. Gurin, Oompt. rend. Acad. Sci. U.R.S.S., 1942, 

86 , 22 . 
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cold mother-liquor, whereas if the mother-liquor is evaporated by boiling, 
yellow Na7lr(S03)4Cl2,5H20 separates from the hot solution.^® This penta- 
hydrate retains one molecule of water up to 170 °, whereas the heptahydrate 
loses all its water at 100°, but both salts yield Na3lr(S03)3(NH3)3,7H20 
with ammonia. 

Conductivity measurements indicate that this ammine is only tri-ionic 
and it is considered that one of the sodium atoms is covalently linked in 
the complex.'^^ By double decomposition with a zinc salt only two sodium 
atoms arc replaced by zinc. 

The parent salt Na7lr(S03)4Cl2,5H20 is also unusual in its reaction with 
dilute acid, wliicii replaces two sodium atoms to yield a non-acidic crystalline 
substance Na5H2lr(SO3)4Cl2,10H2O. This lias a very poor conductivity 
and must have the hydrogcui atoms and })er}iaps some sodium in the com- 
plex ion. The hydrogen atoms can be rejdaced by bases to produce again 
a neutral salt, and it seems probable that the above compounds are more; 
(Mimplex than tlie simple formulie would indicate. 

Na5lr(S03)2Cl4,7H20 also shows unexpected properties. One of the 
chlorine atoms is remarkably labile, conductivity measurements indicate 
dissociatioji into more than six ions at temperatures of over about 30 °, and 
even in the cold rubidium chloride reacts to yield NaRb3[Ir(SO3)2Cl3],0H2O.^' 

The ammonium and potassium salts of the above chlorosulphitoiri elites 
could not be obtained the tendency being to obtain salts of the ion 
[11(803)2013]^" which seems to be identical with that originally described 
by C. Claus in the salt K4[j:r(803)2Cl3],6H20. 

Tlie i^rolonged action of large excess of ammonium bisulj)hite on am- 
monium chloroiridite did not replace all the chlorine atoms, but a new salt 
(NH4)3[Ir(S03)3Cl2], which could readily be converted into the sodium or 
potassium salt by the alkali hydroxide, was formed. 

Although suggestions have been made regarding the configurations of 
most of the compounds studied, it was not possible to assign a configuration 
to any of them with certainty. 

Organic Arsine Complexes . — Continuing tlieir investigation of the com- 
pounds formed by the platinum metals in their lower valency states, 
F. P. Dwyer and R. 8. Nyholm have prepared a number of complexes 
of iridium dichloride and trichloride with aryldialkyl- and diarylalkyl- 
arsines.^^’ These are consistent with six-fold co-ordination of iridium in 
both valency states. The simpler complexes [IrCl2,3AsPh2Me] (VIII), 
[IrCl2,4AsPh2Me] (IX), and [IrCl3,3AsPh2Me] (X) are all less stable than 
the corresponding rhodium compounds ^ and smell of the free arsine. The 
halogen, on the other hand, is strongly bound and not readily removed 
even by silver nitrate. The compounds of typo (IX) are not well defined 

V. V. Lebedinsky andM. M. Gurin, Compt. rend. Acad. Sci. U.R.S.S., 1943, 38 , 128. 

« Idem, ibid., 1941, 83 , 241. J. pr. Ch&m., 1847, 42 , 348. 

M. M. Gurin, Compt. rend. Acad. Sci. U.R.S.S., 1944, 44 , 100. 

6* J. Proc. Boy. Soc. N.S.W., 1944, 77, 116. »» Ibid., 1946, 79, 121. 

Ann, Beporta, 1944, 41 , 101. 
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and emit a strong odour of the free arsine ; they are transformed into (VIII) 
by shaking with light petroleum. Compounds (VIII) and (IX) were the 
only complexes obtainable from iridium dihalides and diphenylmethyl- 
arsine. They were prepared by reduction of the tervalent iridium com- 
plexes in presence of different quantities of the arsine with hypophosphorous 
X\ aqueous-alcoholic solu- 

(AsPh2Me)3XIr\^ ^lrX(AsPh2Me)3 tion. The complexes of type (VIII) 
X were well defined and have been 

assigned a bridged structure (XI), but 
even in freezing benzene solution they are highly dissociated. 

The simple complex (X) is obtained by direct action of the arsine on 
the halide IrXg in weakly acid aqueous-alcoholic solution. In boiling 
strongly acid solution, however, a number of unoxi)ected and interesting 
reactions occur. 

Iridium trichloride yields a yellow, slightly soluble compound isomeric 
with (X), jirobably [IrCl2,4AsPh2MeJ[IrCl4,2AsPh2Me] (XII), and from the 
mother-liquor from which this compound has separated an acid 
H[IrCl4,2A8Ph2Me] (XIIJ) can be isolated. It is acid to litmus and gives 
pink ammonium and pyridinium salts but is insoluble in sodium hydroxide 
solution. 

The analogous reaction in the bromine series yields the analogue of 
(XIII) but not of (XII) ; however, a complex containing bivalent iridium 
is precipitated, viz., [IrBr2,2AsPh2Me]. This reduction is unexpected and is 
probably facilitated by the low solubility of the conqdex formed. A similar 
reduction does not occur in the iodine series except with aryldialkylarsines, 
but the iodides are quite soluble, and it appears that the instability of the 
iridium complexes is also important in helping this reduction which does 
not occur in the rhodium series although Rh^ii is generally easier to reduce 
than Ir^ii. 

Rhodium. 

Dimethylglyoxime Complexes . — In their search for square complexes of 
hodium, F. P. Dwyer and R. S. Nyholm have prepared dimethylglyoxime 
complexes of bi- and ter-valent rhodium.®^* With dimethylglyoxime, 
rhodic chloride readily yields a sparingly soluble substance, all the properties 
of which are consistent with the structure (XIV). 
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The complex is a strong acid of pronounced monobasic character. It 
forms stable soluble salts and the halogen atoms cannot be removed even 
by boiling silver nitrate or chelating acid groups. The silver salt is insoluble 
in water but soluble in dilute nitric acid. The chlorine atoms are almost 
certainly in the ^ra/i^-position, particularly as the dimethylgly oxime can 
be reversibly replaced by ethyleneiminebis-salicylaldehyde to yield a com- 
plex (XV) which must have the nitrogen and oxygen atoms in one plane. 
This latter complex also yields a violet sodium salt which would indicate 
benzenoid-quinonoid resonance of the ion. 

The rhodic complex Rh(C4H7N202)3 was ultimately prepared in poor 
yield as an insoluble powder from rhodic sulphate. It dissolved in hydro- 
chloric acid to give a reddish solution, possibly of the c^^s-form of (XIV), 
which lightened in colour and finally deposited the stable trans-imm^T 
(XIV). 

Pure rhodous complexes were not isolated, although evidence for their 
formation by reduction of compound (XIV) with sodium formate was 
found. 

Continuing his study of the polarographic reduction of the platinum 
metal complexes, J. B. Willis finds that, of the metals ruthenium, osmium, 
iridium, palladium, and platinum, only palladium complexes give a satis- 
factory polarographic step. This corresponds to the reduction of Pd^^ to 
Pd, and the half-wave potential of the ammino- complexes of palladium 
becomes more negative with increasing basic strength of the amine whilst 
the reduction also becomes less reversible. 

Finally, attention should be directed to an excellent review of the 
stereochemistry of square complexes by D. P. Mellor.^® J. 0. 

3. The Inorganic Chemistry of some Metallurgical Processes. 

The enforced development of special metallurgical processes during war 
years has necessarily involved new advances in, and applications of, 
fundamental inorganic chemistry, and several of these appear to merit review 
in these Reports. The topics selected for discussion are the extraction of 
magnesium (particularly from sea water), the production of highly electro- 
positive metals by thermal reduction processes, the extraction of alumina and 
aluminium from clay, and the extraction chemistry of beryllium and 
zirconium. 

Magnesium from Sea Water . — ^The most successful of the commercial 
sea water processes is the Dow process, operated on a very large scale at 
Velasco, Texas. ^ Here the filtered sea water (containing about 0*13% of 
magnesium) is treated with a controlled excess of calcium hydroxide (pre- 
pared by slaking lime obtained by calcining oyster shells), and magnesium 
hydroxide is precipitated; by thickening the hydroxide is obtained as a 

J. Amer. Chem. Soc., 1945, 67, 647. Chem. Reviews, 1943, 33. 137. 

^ W. P. Sohambra, Trans. Arrnr. Inst. Chem. Eng., 1946, 41, 35; C. M. Shigley, 
Amer. Inst. Min. Met. Eng., Tech. Publ. No. 1846 (1945). 
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slurry containing 12% of Mg(OH)2. After filtration, the filter cake [25% 
Mg(OH)2] is treated with hydrochloric acid solution containing a little 
sulphuric acid (to aid precipitation of calcium as sulphate), and the resulting 
crude 15% magnesium chloride solution is concentrated by submerged 
combustion of natural gas, a controlled gas-air mixture being burned under 
the liquid surface. This direct heating is necessary because calcium sulphate 
would cause serious scaling of any ordinary form of evaporator. After 
evaporative cooling under vacuum, a 35% magnesium chloride solution is 
obtained; a calculated quantity of magnesium sul])hate, sufficient to pre- 
cipitate the unwanted calcium, is added, and the solution allowed to stand. 
Filtration from precipitated sodium chloride and calcium sulphate then gives 
a magnesium chloride solution of high purity, from which a sofid salt of the 
approximate composition MgCl2,l‘5H20 is obtained by a two-stage evapor- 
ation process. This salt is suitable for direct feed to the electrolytic mag- 
nesium cells, in which the electrolyte consists of molten magnesium, calcium, 
and sodium chlorides at 700 — 750*^.“ The chlorine evolved at the cell anodes 
is converted into hydrochloric acid (for re-use in the process) by reaction with 
steam and natural gas. The molten magnesium is ladled from the cells and 
cast into ingots of purity at least 99*9%. 

An interesting variant of the Dow process uses calcined and slaked dolo- 
mite (comprising a mixture of magnesium and calcium hydroxides) instead 
of slaked lime in the initial treatment of the sea water ; the magnesium 
content of the dolomite is then retained with the hydroxide precipitated 
from the sea water, and the process affords an economic means of utilising 
both sources of magnesium.^ 

The success of these processes is basically dependent on the very low 
solubility of magnesium hydroxide, which permits its precipitation from 
extremely dilute solutions of magnesium salts. Although the engineering 
problems involved in the treatment of largo volumes of sea water are con- 
siderable, and each stage of the process requires careful control, both methods 
have been successfully applied. 

Magnesium from Dolomite and Silicate Minerals . — The abundance of 
dolomite (MgC03,CaC03) in nature immediately suggests that its use as a 
source of magnesium should be economic, but the difficulty of separating 
magnesium from large amounts of calcium is considerable. The use of 
dolomite in conjunction with sea water has been outlined above; another 
typical dolomite process has been described recently.^ The dolomite is first 
calcined and slaked with water to give a mixture of calcium and magnesium 
hydroxides, which is boiled with ammonium chloride solution ; calcium then 
goes into solution as the chloride, whereas magnesium hydroxide .remains 
substantially unaffected : Mg(OH)2 + Ca(OH)2 + 2NH4CI — Mg(OH )2 + 
CaClg + 2NH3 + ^HgO. The magnesium hydroxide may be ^parated by 

* R. M. Hunter, Trans. Electrochem. Soc,, 144, 86, Preprint 30, 343. 

® See P. L. Teed, Bull. Inst. Min. Met., 1946, No. 479, 26. 

* J. M. Avery and R. F. Evans, Amer. Inst. Min. Met. Eng., Tech, Publ. No. 1829 
0946 ). 
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thickening and filtration and converted into oxide by ignition, or the slurry from 
the previous stage may be treated directly with carbon dioxide to precipitate 
calcium carbonate and leave magnesium chloride in solution : MgfOHlg + 
CaClg + CO 2 — > MgClg + CaCOg + H 2 O. Purified magnesium chloride 
may then be obtained from the solution by methods similar to those used in 
the Dow process. Economic application of the process just described is 
ensured by linking it with the ammonia-soda process, so that the reaction of 
ammonium chloride with slaked dolomite calcine provides the necessary 
means of recycling ammonia gas. 

Olivine, (Mg,Fe) 2 Si 04 , and other silicate minerals of magnesium are an 
attractive source of the metal in some localities. Such minerals are con- 
veniently attacked by hydrochloric acid, which extracts magnesium and iron 
as chlorides and leaves the silica substantially insoluble ; ^ the use of 20% 
acid at 90 — 110° ensures separation of silica in a form that settles well on 
standing. Impurities in the acid extract (mainly iron) are precipitated as 
hydrated oxides by adding the requisite quantity of magnesia, either as such 
or in the form of a sludge from electrolytic magnesium cells, containing 
magnesium chloride and oxide. Magnesium chloride of sufficient purity for 
cell-feed is obtained from the solution by evaporation. 

Electropositive Metals by Thermal Reduction , — Until quite recently the 
difficulty of reducing oxides or salts of metals such as magnesium, calcium, 
and potassium has necessitated the production of these metals by electro- 
lytic methods. Considerable use is now made of direct thermal reduction 
processes, particularly for magnesium, their industrial application having 
been promoted by development of plant operating under high vacuum. 

The reduction of magnesium oxide by carbon at temperatures 
approaching 2000° has for some time been known to be possible ; the use of 
this reaction (MgO + C Mg + CO) is hindered by its rapid reversal at 
somewhat lower temperatures, the magnesium vapour produced tending to 
react with carbon monoxide before it can be condensed. The equilibrium 
pressures of magnesium vapour and carbon monoxide are calculated to reach 
one atmosphere at 1851°, but they fall to less than 0*1 atmosphere at 1600°.® 
Recent success with the carbon reduction process has depended on very rapid 
‘‘ quenching of the hot product gases with hydrogen, natural gas, or a spray 
of mineral oil.*^ This serves the double purpose of cooling the gases to a 
temperature at which the back-reaction occurs to a negligible extent, and of 
slowing down this reaction by extensive dilution of the reactants with inert 
gas. The magnesium, contaminated with oxide and free carbon, is recovered 
as a pyrophoric powder. In one typical application of this process ® the 
magnesium oxide (prepared from dolomite and sea water) is compressed into 
pellets with petroleum coke, and the pellets are fed continuously into an 
electric-arc furnace lined with carbon blocks. As soon as the product gases 

* E. C. Houston, Amer. Inst. Min. Met. Eng.^ Toch. Publ. No. 1828 (1945). 

« K. K. Kelley, see ref. (8). 

^ See P. L. Teed, Bull. Inst. Min. Met., 1946, No. 479, 25. 

® T. A. Duncan, Amer. Inst. Min. Met. Eng., Tech. Publ. No. 1671 (1944). 
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leave the reaction zone they meet a cold blast of natural gas issuing from 
cooled jets mounted annularly round the exit pipe, and the average gas 
temperature cpnckly falls to about 250°. The condensed magnesium dust is 
collected in a largo drum through which the gases pass and (mainly) in 
woollen bag filters; it is then collected, without exposure to air, made into a 
paste with asphaltic material, or into briquettes, and transferred to sublim- 
ation retorts. In these retorts, heated to 800°, the pressure is reduced to 
0-2 mm. or less, and magnesium of high purity sublimes on to a cylindrical 
steel liner placed in the cooled head of each retort. After admission of 
hydrogen and cooling, the liners are removed, and the magnesium is stripped 
off. 

Reducing agents other than carbon have been widely used in the thermal 
reduction of magnesia, and successful use of ferrosilicon , calcium carbide, or 
aluminium is reported. The ferrosilicon process ^ is notable for its simplicity, 
and for the fact that calcined dolomite may be used directly to supply part or 
all of the magnesium, the reaction being as follows : 2MgO + CaO + Si 
(from ferrosilicon) — > 2Mg + 2Ca0,Si02. Use of this reaction at readily 
accessible temperatures depends on the maintenance of a high vacuum ; 
in practice, briquettes of calcined dolomite and ferrosilicon, containing a little 
calcium fluoride, are charged into steel retorts, which are heated to about 
1 150° and pumped down to 0 05 mm. pressure. Magnesium condenses in the 
cooled head of each retort. Traces of alkali -metal salts in the charge give 
a small condensate of alkali metal, which may set fire to the magnesium when 
the retort is opened; this danger is minimised by condensing the more 
volatile alkali metal in the retort cap, which is quickly removed when air is 
admitted. 

Calcium carbide and aluminium are used as reducers in a very similar 
manner,'^ the reactions involved being MgO + CaC 2 — Mg + CaO + 2C ; 
3MgO 4- 2A1 — 3Mg + AbOg. The use of small additions of calcium 
fluoride to the charge appears to be general in most of the processes described, 
although the mechanism by which it promotes the reaction is admittedly 
obscure. 

It has been found that calcium can be produced from lime conveniently 
and economically in plant designed for the ferrosilicon reduction of 
magnesia,^® if aluminium is employed as the reducer at about 1200°. The 
reaction is 6CaO + 2A1 — 3Ca + 3 Ca 0 ,Al 203 . Since other alkaline-earth 
and alkali metals present in the charge distil with the calcium, the use of 
high-purity lime is important. 

The regular production of potassium metal by thermal reduction is 
reported from Germany. Potassium fluoride is reduced at 1000 — 1150° 
with calcium carbide (2KF + CaCg — > 2K + CaFg + 2C) or silicon, lime 
being added in the latter case to combine with silica formed in the reaction 

® L. M. Pidgeon, Canad. Mining and Met. 1944, No. 381. 

P. H. Staub, Chem. and Met. Eng., 1945, 62, No. 8, 94; 0. C. Loomis, Trans. 
Electrochem. Soc., 1946, 89, Preprint 9, 119. 

F.l.A.T. Final Report, No. 696. 
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( 4 KF + Si + 4 CaO — > 4 K + 2CaF2 + 2Ca0,Si02). The process is carried 
out in steel retorts; the metal distils out of the reaction mixture, and is 
condensed and collected under petroleum. Part of the j)otassium fluoride 

may be substituted by potassium carbonate [2K2CO3 f 3 Si + 6CaO > 

4 K' + 2 C + 3(2CaO,Sib2)] or silicate [2X28103 + 8i + 6CaO — > 4 K + 
3(2Ca0,Si02)] without appreciable loss of yield. All the reactants must be 
thoroughly dried; explosions are said to occur if moisture is present when 
potassium carbonate is used in tlie reaction. 

Aluminium from Clay and High-silica Bauxite . — The extrac^tion of 
alumina or aluminium metal from clay, its most abundant and accessible 
natural source, has been investigated over a long period, and a voluminous 
literature of the subject exists. The objectionable impurities likely to 
occur in alumina derived from clay are silica and iron, and each of the two 
main types of process generally pro])osed deals effectively with one only of 
these impurities; “ acid ” extraction methods applied to clay lead to rapid 
separation from silica, elimination of iron being difficult, whereas alkali 
processes, generally de])ending on an extraction of soluble sodium aluminate 
by water, cause difficulty with removal of silica. 

A recent careful study of a sulphuric acid process for treatment of clay 
clearly indicates the difficulties associated with this method. The calcined 
clay is leached with sulphuric acid, and iron is ]:>recipitated from the resulting 
aluminium sulphate solution by treatment with manganous sulphate and 
ozone. After partial concentration, a clay residue is added to promote 
precipitation of silica. The purified solution is evaporated (by submerged 
combustion), and the aluminium sulphate dehydrated and calcined to 
alumina; the sulphur oxides evolved in the calcination are recovered as 
sulphuric acid for use in the first stage of the process. 

An alternative to tlie leaching of clay with sulphuric acid is roasting with 
ammonium sulphate (or in some similar processes, ammonium hydrogen 
sulphate Leaching of the product with water gives a solution from which 
ammonium alum may be crystallised; this is converted into hydrated 
alumina by treatment with ammonia evolved in the roasting stage. 
Ammonium sulphate can be recovered and re-cycled through the process. 

An interesting recent acid ” process uses a combination of sulphuric 
and sulphurous acid leaching of clay, alumina being recovered by precipit- 
ation of a basic aluminium sulphate from the leach liquor. The basic salt 
is afterwards dissolved in sodium hydroxide solution (giving sodium 
aluminate), and hydrated alumina is precipitated by controlled addition of 

See a recent bibliography by R, J. Woody, Washington State Coll.^ Electromet. Res. 
Lab., Bull. E-l (1943). 

J. H. Walthall, P. Miller, and M. M. Striplin, jun., Trans. Arner. Inst. Chem. Eng., 
1945, 41 , 65. 

H. W. St. Clair, S. F. Ravitz, A. T. Sweet, and C. K. Plummer, ibid., 1 944, 169 , 255. 

Anon., Mining World, 1946, 7, No. 10, 22. 

O. RedUch, C. C. March, M. F. Adams, F. H. Sharp, E. K. Holt, and J. E. Taylor, 
Ind. Eng. Chem., 1946, 38, 1181. 
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sulphuric acid. The sodium sulphate solution remaining is electrolysed to 
give sulphuric acid and sodium hydroxide solutions for use in earlier steps of 
the process. 

The most useful of the '' alkali processes ” for treatment of clay appears to 
be the “ lime-soda sinter ” process, long known but largely investigated in the 
United States during the War.^^ If clay is sintered at a moderately high 
temperature with controlled quantities of sodium carbonate and lime, its 
aluminium content is converted into sodium aluminate (NaAlOg), and its 
silica into an insoluble calcium silicate, probably 2Ca0,Si02. In theory, 
extraction of the sinter with water should give a sodium aluminate solution 
substantially free from silica, from which hydrated alumina could be pre- 
cipitated by “ seeding ” with the hydrate, or by treatment with carbon 
dioxide; in practice, however, the extract is found to contain appreciable 
amounts of silica, at least part of which is precipitated with the alumina, and 
the product requires re-processing by the usual Ba^^er procedure before it can 
be used for electrolytic production of aluminium. 

The lime-soda sinter process has been more usefully applied to low-grade 
bauxites containing much silica.^® In the usual Bayer process bauxite is 
treated with hot sodium hydroxide solution under pressure, to give a silica- 
free sodium alumijiate solution from which a pure alumina hydrate is pre- 
cipitated. If the bauxite contains much silica, uneconomic amounts of both 
aluminium and sodium are retained in the Bayer treatment residue (“ red 
mud ”) as an insoluble sodium aluminium silicate. Recovery of the sodium 
and aluminium may be effected by sintering the red mud from a high-silica 
bauxite with sodium carbonate and lime in suitable proportions, and leaching 
the product with water. The extract contains sodium aluminate with a little 
silica, but if the solution is added to the alkali liquor used in a succeeding 
Bayer treatment, this silica is precipitated during the pressure digestion. 
This ingenious addition to the well-established alumina process has extended 
its useful application to poor-quality ores. 

“ Lime-sinter ” processes have also been investigated recently, In 
these, the clay is sintered at a high temperature with lime, and the silica and 
alumina contents are converted into calcium silicates and aluminates. On 
treating the sinter with sodium carbonate solution, the silicates are unchanged, 
but the aluminates undergo double decomposition, calcium carbonate 
remaining in the residue and sodium aluminate being formed in solution. 
Alumina can be precipitated from the aluminate extract by the usual methods, 
the residual alkali being returned to the process as sodium carbonate. 

In a somewhat similar German process,^® clay has been sintered with coke 

Univ. Kansas Publ., Kansas Slate Oeol. Survey Bull., 1943, 47, 114. 

Chem. and Met. Eng., 1946, 52, No. 1, 106; J. D. Edwards, Amer. Jnst. Min. 
Met. Eng., Tech. Publ., No. 1833 (1946). 

R. L. Copson, J. H. Walthall, and T. P. Hignett, Trans. Amer. Inst. Min. Met. 
Eng., 1944, 169, 241; F. R. Archibald and C. F. Jackson, Amer. Inst. Min. Eng. 
Tech. Publ., No. 1706 (1944). 

« C.I.O.S. Report, No. XXXII— 21. 
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and anhydrite (CaS04) to give a product apparently consisting of calcium 
aluminate and silicate; on treatment with sodium carbonate solution this 
affords sodium aluminate solution and a residue (calcium carbonate, silicate, 
etc.) which can be recalcined to a cement of good quality. 

Some clay processes of a quite different type have also been investigated 
in Germany. In these the first step is a direct reduction of the alumina- 
silica ore with carbon in an electric-arc furnace, giving an alloy (“ silumin *') 
containing about 60% of aluminium, with silicon and a little iron. 
Aluminium is then extracted from the finely divided alloy by treatment with 
mercury or molten magnesium. At about 600° and 22 atmospheres pressure 
mercury gives a solution containing nearly 40% of aluminium ; on cooling, 
almost all the aluminium is precipitated and can be removed by a filtration 
process, adhering mercury being removed subsequently by vacuum dis- 
tillation. If magnesium is used for the extraction it is recovered directly 
from the alloy by vacuum distillation. The silicon-iron residue may in 
either case be used for thermal reduction of magnesia, an economic advantage 
of the process. Other methods suggested for the processing of silumin are 
extraction with molten lead and volatilisation of aluminium subfluoride. 

Beryllium . — The extraction of beryllium and its comj)ounds is com- 
plicated by the difficulty of attacking beiyl (3Be0,Alo03,6Si02), the only ore 
available in large quantities, and by the somewhat difficult separation of 
beryllium from the accompanying aluminium. The simplest method of 
attack is to fuse the beryl in a carbon-lined electric arc furnace at not less than 
1500 — 1600° and quench the melt in cold water ; the resulting vitreous mass, 
after crushing, reacts readily with concentrated sulphuric acid, the beryllium 
and aluminium being converted into partly hydrated sulphates.-^ The mass 
of sulphates, containing insoluble silica, is leached with water, and 
ammonium sulphate is added to the solution to precipitate the bulk of the 
aluminium as ammonium alum, (NH4)oAl(S04)2,12H20, which has a very low 
solubility in beryllium sulphate solution containing ammonium sulphate. 
Crude hydrated beryllium sulphate is crystallised from the filtrate, and 
subsequently purified by a recrystallisation procedure. High-grade beryl- 
lium oxide is obtained from the sulphate by ignition at 1350°. 

A process used in Germany is similar in many respects. The beryl is 
fused with calcium oxide at about 1500°, and the quenched melt “ sulphated 
by treatment with sulphuric acid; aluminium is removed as ammonium 
alum, as before, and the crude solution of beryllium sulphate is freed from 
iron (present initially as ferrous salt) by addition of hydrogen peroxide and 
calcium carbonate, which precipitate hydrated ferric oxide. On passing 
gaseous ammonia into the resulting beryllium sulphate solution, the 
hydroxide, Be(OH)2, is precipitated; this is finally ignited to the oxide at 
about 1000°. 

Attack of beryl by fusion or sintering with fluoride or complex fluoride, 
C. B. Willmore, U.S.P. 2,184,706. 

22 B. R. F. Kjellgren, Trans. Electrochem. Soc., 1946, 89 , Preprint 6, 83. 

« B.I.O.S. Final Report, No. 168; F.I.A.T. Final BevorL No. 622. d. 45. 
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originally a favourite method,^* still persists in recent processes ; the aim of 
the older fluoride methods of attack was usually to convert beryllium into 
soluble sodium beryllium fluoride, Na2BeF4, and aluminium into insoluble 
cryolite, Na^AlF^, so that a beryllium salt of moderate purity could be 
leached directly from the reaction product. Modern variants of the fluoride 
process are designed to extract the beryllium as a soluble fluoride and leave 
the aluminium oxide and silica from the ore substantially unattacked. In an 
Italian process the beryl is sintered at about 800° with sufficient sodium 
hydrogen fluoride, NaHFg, to convert all the beryllium present into a sodium 
beryllium fluoride, presumed (probably wrongly) to be 3NaF,2BeF2, which 
can be extracted with water from the residue of oxides. A more novel 
process ^6 uses sodium ferric fluoride, NagFeFg, as the attacking reagent ; 
this reacts preferentially with beryllium oxide (3BeO + 2Na3FeFg — >- 
3Na2BeF4 + Fe203) and leaves alumina, silica, and iron oxide (impurity) 
unattacked. The sodium beryllium fluoride solution from either method of 
attack is treated with alkab to precipitate beryllium hydroxide, preferably 
by adding an excess of sodium hydroxide to redissolve the initial precipitate, 
and then pouring a further quantity of sodium beryllium fluoride solution 
into the hot liquid ; this procedure gives a granular, crystalline hydroxide 
which is convenient to filter off. The filtrate contains sodium fluoride, and 
the economic use of the process demands recovery of its fluoride content ; 
this is conveniently effected by adding ferric sulphate to precipitate sodium 
ferric fluoride [12NaF Fe2(S04)3 — > 2Na3FeFg + 3Na2S04], which may 
be re-used in the attack of the ore.^® The sodium ferric fluoride mode of attack 
is stated to be applicable with advantage to a new low-grade beryllium ore 
comprising magnetite with small quantities of helvite, a beryllium iron 
aluminium silicate. Processes of this type, in which the desired ore con- 
stituent is selectively attacked without consumption of reagents by unwanted 
material, are of special value in the utilisation of low-grade mineral deposits. 

The isolation of beryllium metal was fonnerly effected by electrolysis of a 
fluoride melt, usually containing alkali or alkaline-earth fluoride with 
beryllium fluoride or oxyfluoride. This method required the use of relatively 
high electrolyte temperatures, and highly toxic fluorine gases evolved at the 
anodes were troublesome. Preference is now given to electrolysis of a melt 
of sodium and beryllium chlorides at about 350°.^^ Satisfactory application 
of this process depends on a supply of pure anhydrous beryllium chloride, 
now prepared by chlorinating briquettes of beryllium oxide and carbon 
at 700 — 800° (BeO + C + CI2 — > BeClg 4* CO) ; the beryllium chloride 
sublimes out of the furnace, and is subsequently purified by fractional 
sublimation in a current of hydrogen. 

Beryllium powder has been satisfactorily prepared from the chloride by 
reduction by sodium vapour at reduced pressure.^’ Beryllium fluoride may 

** See, e.^., R. Rimbach and A. J. Michel, “ Beryllium ”, New York, 1932. 

2 * FJ.A.T, Final Report, No. 622, p. 62. 

*• H. C. Kaweeki, Trane, Electrochem, Soc,, 1946, 80 , Preprint 11, 133* 

J, M. Tien, ibid,. Preprint 19, 223. 
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also be reduced with magnesium to give a pure metal. Alloys of beryllium 
(particularly with copper or nickel) can be prepared by reducing beryllium 
oxide with carbon in presence of the free alloying metal, 22 , 28 beryllium 

content obtainable in the alloy is limited ; beryllium fluoride may similarly 
be reduced with magnesium in presence of base metal to give an alloy.^® 
Zirconium . — Considerable interest in zirconium, particularly in the metal 
in its ductile state, has been evident recently, and the publication of a 
review of much scattered information is timely. 

In a typical recent process, zircon sand (mainly ZrSi 04 ) is heated with 
carbon in an electric resistor furnace at about 2000^, and a mixture of zirconium 
and silicon carbides is formed ; some of the silicon is said to be volatilised 
from the charge as the monoxide, SiO. The mixture of carbides is heated in 
chlorine, and the tetrachlorides of zirconium and silicon are formed in a 
strongly exothermic reaction ; the zirconium tetrachloride can be fractionally 
condensed from the mixture in a vessel held above 80°, the condensate 
containing only 0-05 — 0*3% of silicon, with up to 0-5% of iron and other 
impurities. The chloride is purified by sublimation in hydrogen, which 
reduces ferric chloride to the relatively non-volatile ferrous chloride; the 
sublimate contains only 0*05% of iron. The purified zirconium tetrachloride 
is reduced with magnesium in a special furnace so designed that reaction 
occurs between the tetrachloride vapour and molten magnesium, a helium 
atmosphere in the furnace ensuring exclusion of air. The mixture of zir- 
conium metal, magnesium chloride, and excess of magnesium produced in the 
reaction is vacuum-distilled at up to 900° in a second furnace ; the residue of 
zirconium remaining may still contain up to 1 % of magnesium chloride, 
magnesium, and hydrogen, which are removed by heating the metal in a 
vacuum induction furnace at 1500°. Finally, the zirconium is melted down 
into small ingots in an arc furnace in an atmosphere of helium at low 
pressure. The product is ductile and can readily be rolled into sheet. 

Another method of reducing zirconium tetrachloride with magnesium has 
been described.^^ A. J. E. W. 

J. S. Anderson. 

J. Chatt. 

A. J. E. Welch. 
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1. I^ITRODXTCTION. 

The subjec^ts selected for leview in this section include the hydrogen bond, 
stereochemistry, car})ohydrates, steroids, and a sel(u;tion of heterocyclic 
compounds containing nitrogen. 

A review is given of those methods of detection of the hydrogen bond 
which have proved of greatest use in the elucidation of organi(*. structures. 
Empliasis is laid on the physical conditions of the nu'thods by which assess- 
ment of structure is made, and whether these conditions are likely to preserve 
a hydrogen-bond structure. Methods based on the measurement of inter- 
atomic distances by means of both A-ray diffraction and electron diffraction 
are discussed, examples of the former being provided by phthalocyanine, 
melamine, and hyperol, and of the latter by hydrofluoric acid and carboxylic 
acids. Various indirect or comparative methods are also discussed, such as 
those based on infra-red absorption, volatility, solubility and related pro- 
l)erties, and molecular weight determinations. Reference is made to the 
solute-solvent interaction revealed by the work of C. S. Marvel and his 
collaborators, and to methods for the detection of molecular association and 
internal hydrogen bonds (chelate rings). A review is included of the chemical 
differences between compounds ])ossessing a hydrogen bond structure and 
others closely related to them, e.gr., o-hydroxyazo-compounds, the benzil 
monoximes ; of methods of alternative syntheses leading to a single individual 
compound, e.g., p-diketones, methylnaphthazarin, quinhydroncs, formazyl 
compounds ; and of the effect of chelation in stabilising certain structures 
and in favouring certain reactions. 

The chief examples (mainly organic) of compounds exhibiting hydrogen 
bonds of the following types are considered : F-H-F, F-H--N, F-H-O, 
O-H-0, N-H-0, N-H-N, N-H-S, O-H-8. Some emphasis is laid on the 
important part played by the hydrogen bond in deciding crystal structure 
and other important physical properties, e.g., density of ice, layer cleavage of 
anhydrous oxalic acid, configuration of proteins. The evidence for the 
engagement of the CH group in hydrogen-b(>nd formation is considered in 
some detail (^.e., C-H-0, (^-H-N), and a short account of hydrogen bonds 
involving other elements (S, Cl, Br) is given. The close connection between 
hydrogen-bond association and tautomerism (“ mesohydric tautomerism ’’) 
is given brief mention. 

An absolute asymmetric synthesis of ethyl (/-tartrate from ethyl fumarate 
has been reported. Mixtures of diasterooisomeric esters have been separated 
by high-efficiency fractional distillation. The sulphur-oxygen bond in 
Hulphoxides, formerly supposed to be a co-ordinate bond, is shown to be a 
double bond, so that the figure corresponding with the sulphur valencies is a 
trigonal bipyramid and not a ‘‘ tetrahedron Interesting stereochemical 
studies have been made of heterocyclic compounds of sulphur, selenium, and 
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tellurium, and very complete investigations of the optical a(!tivity of hetero- 
cyclic and ^pxVocyclic compounds of arsenic have been described. A base, 
which owes its molecular dissymmetry to the presence of two ring nitrogen 
atoms with stable “ tetrahedral ” configurations, has been resolved into d- 
and Z-forms. A beginning has been made in the direction of discussing 
quantitatively sterio effects in replacement reactions, and continued successful 
use has been made of optical activity for the study of molecular 
rearrangements . 

In view of the growing biological importance of the inositols and their 
derivatives, the opportunity has been taken to review the developments in 
this field, and an account has been given of the rarer methylpentose sugars 
and their deoxy-derivatives, which are found combined in the cardiac 
glycosides. The use of chromatography to separate qualitatively and 
quantitatively mixtures of sugars and their derivatives is discussed ; the 
method has been developed on the micro-scale for the separation of methyl- 
ated sugars and their glycosides. I'he section on the oxidation of a-glycol 
groups (L. N. Owen, Ann. Rajyorts, 1943, 40, 115) with periodic acid and lead 
tetra-acetate has been continued. Sugar derivatives (iontaining one or 
more anhydro-rings of the septano-, pyrano-, furaiio-, and ethylene oxide 
types have been prepared and their structures elucidated. I'he Walden 
inversion which occurs when an oxide ring is opened has been used to prove 
the configuration of the amino-group in chondrosamine and to prepare 
derivatives of the less accessible sugars. 

A summary is given of the more recent constitutional work on the 
structure of the polysaccharides. A noteworthy advance has been made with 
the enzymatic synthesis of amylopectin, and the degradative action of p- and 
other amylases on this polysaccharide has received considerable attention. 
The polysaccharides from gum tragacanth, the c-galactan of the larch, and 
damson tree gum have received a detailed examination. Gum tragacanth has 
boon shown to be a mixture ; the c-galactan is also considered to be a mixture 
by some authors ; damson tree gum appears to be homogeneous. All these 
polysaccharides are of the ramified type and contain a va.riety of sugars. 

Stereochemical developments during the last eight years have confirmed 
the general picture of the steroid nucleus given by Ruzicka in 1933, and 
evidence has been adduced to show that the various possible geometrical 
modifications arising from chair-boat transformations of rings A and B 
make no contribution to the stereochemistiy of the steroid nucleus. Methods 
available for determination of the orientation of nuclear substituents are 
summarised, and, in a review of the various nuclear positions, examples of 
their use are given. There is still no strict proof available to show that the 
hydroxyl group in cholesterol and cholestanol is (p)- orientated, but on the 
basis of this assumption it has been possible to establish the configuration 
at C 3 of a whole series of derivatives of androstane, androst-5-ene, and their 
homologues. Attention is drawn to the fact that the configuration is known 
at C 7 in the bile-acid series but not in the sterol series ; also that it seems 
probable that the previous arbitrary allocation of configuration at C 7 in the 
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sfcerol series must be reversed. The proof given by Keieh stein that the 
formerly aeceptcd structure of deoxyeholic acid is incorrect in regard to 
configuration at 0^2 and C17 has far-reaching repercussions; the same 
conclusion, namely that the hydroxyl group at and the side chain at 
C^7 are respectively (a)- and (fJ) -orientated, has been reached independently 
and on quite different grounds by groups of workers in America. It follows, 
inter alia, tliat, as originally suggested by Reichstein and Shoppee, the 
hydroxyl group characteristic of the natural adreno-corti(‘.al steroids has the 
(p) -configuration, and that the C\7-side chain in cholesterol, progesterone, 
corticosterone, the steroid sapogenins, and the cardiac aglycones is (fi)- 
orientated. A further consequence is that tlie Digitalis heart poisons must 
contain a c/.v-C/D-ring union, a view now accepted by Ruzicka, Plattner, 
and their co-workers who, by the synthcvsis of steroids with hydroxyl groups 
at C5 and are preparing the way to the synthetic production of these 
compounds. 

In the field of reduced heterocyclic rings recent examples are discussed 
of the synthesis of piperidines and piperidories by (i) the reductive cyclisation 
of y-cyano-esters, (ii) the Eisleb double alkylation method (of a reactive 
methylene group by di-p-chloroethylalkylamines), and (hi) the Rieckinann- 
like cyclisation of di-[^-carbethox3^alkvlamines. Attention is drawn to the 
preparative advantages arising from the use of A-benzoylated and -nitros- 
ated derivatives as intermediates, and some new reactions of certain piperi- 
dines and piperidones are mentioned. Recent synthetic work in the reduced 
bioyclic field (c/yc/ualkano-pyrrolidines, -piperidines, and -thiazoles, and 
6ic^c/oaza-alkanes) is briefly reviewed, and the stereochemistry of p-biotin 
and its derivatives is summarised. A section on indoles deals with recent 
critical studies of the Bischlcr synthesis from arylamines and a-halogeno- 
ketones, with improved preparative routes to trytophan and indole-3- 
aldehyde, with the synthesis of 7 -azaindoles, and with the chemistry of 
gliotoxin, the naturally-occurring antibiotic. Recent developments in the 
quinoline field are reviewed chiefly from the aspect of preparative improve- 
ments, particularly as applied to the synthesis of 4 -hydroxy quinolines, a 
large number of which have been prepared by condensation of arylamines 
with ethyl ethoxymethylenemalonate followed by cyclisation or by variations 
of this method. Brief mention is made of progress in the chemistry of 
cinnoline derivatives. A comprehensive statement is given of the chemistry 
of the pterins, compounds which contribute to the pigmentation of the wings 
of insects and which, until recently, were regarded as of academic interest 
only. The chemistry of this group, which is related to the purines, has 
lately been greatly clarified and interesting and important biological 
properties have been revealed. This section includes a description of the 
synthesis and proof of structure of the antiansemic “ Liver L. casei factor ” 
(vitamin Bo) and of its relationship to other active compounds, which are 
pterin derivatives, and with a general discussion of the vitamin Be problem. 

W. B. 

D. H. H. 
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2. The Hydrogen Bond. 

The fact that liydrogen can sometimes link two other atoms together is 
now beyond all question, but the mechanism of this virtual bi valency still 
remains obscure. The resonance mechanism suggested by N. V. Sidgwick ^ 
is by no means universally accepted, and an electrostatic union, largely the 
result of the hydrogen atom being a bare proton with a minimum of envelop- 
ing electrons, has strong support.^ The latter view is in harmony with 
the fact that the atoms linked by hydrogen bonds are confined almost 
entirely to the electronegative elements of small atomic radius N, O, 
F), and that hydrogen bonds between atoms other than these are of the 
weakest kind. As between these two views there is good evidence for 
believing that resonance, if it contributes at all to the structure of the 
hydrogen bond, does so to a very inconsiderable extent.*^ 

Methods of Detecting the Hydrogen Bond. 

It is important in this connexion to distinguish between hydrogen 
bonds formed intramolecularly (by chelate rings) and those formed between 
molecules. The former will usually lead to a unimolecular condition, the 
latter to molecular association, and the resultant physical properties of 
the substance concerned will be largely influenced by these alternatives. 
It is evident, too, that the physical conditions under which assessment of 
structure is made will determine whether or not a substance will preserve 
its hydrogen-bond structure ; for example, a hydrogen-bond structure present 
in the solid or liquid state may well be destroyed in dilute solution or in 
the vapour state. Moreover, intermolecular hydrogen bonds are usually 
more sensitive than are intramolecular to the stresses imposed by vaporis- 
ation or dissolution. 

The following is a brief summary of the chief methods in general use 
for the detection of hydrogen bonds. 

I. Interatomic Distance Methods. — These depend on the measurement of 
the distance between the atoms linked by the hydrogen bond, and are 
based on the assumption that any approach of two such atoms to a distance 
significantly less than about 3-4 a. indicates a chemical link between them. 
The strengths of such bonds are in the inverse order of these interatomic 
distances. 

(a) X-Ray diffraction * Applied mainly to crystals, which are most 
likely to favour a maximum display of hydrogen bonds, this method has 
yielded more information than any other about hydrogen- bond structures. 
It is, however, confined at present to relatively simple compounds (e.g., 
inorganic salts), and becomes progressively more diffi(;ult to apply as 

* A7in. Reports, 1933, 30, 112; 1934, 31, 40; “ Organic Chemistry of Nitrogen ”, 
Oxford University Press, 1937, xvii. 

* L. Pauling, “ The Nature of the Chemical Bond”, Cornell, 1940, p. 286. 

® Mansel Davies, this vol., p. 29. 

* The scope of diffraction methods as a guide to molecular structure is reviewed 
by J. M. Robertson, Tilden Lecture, 1945, 249. 
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molecular complexity increases. It is not surprising, therefore, that its 
application to organic liydrogen-bond structures has been limited to simple 
examples, although ])lithalocyanine,^ melamine,^ and hyperol ® are notable 
exceptions. The method gives an accurate measure of the A"H“B distance, 
where A and B may be in the same or in different molecules, and, though 
it does not locate the hydrogen atom within this distance, it indicates with 
some certainty the presence or absence of the hydrogen bond. For example, 
the presence of the 0" H“0 bond in sodium hydrogen carbonate,'^ potassium 
dihydrogen phosphate ^ and arsenate,^ and ammonium ])eriodate, 
(NH4)2H3lO«,l<> and its absence in ammonium hy})ophosphite, NH 4 H 2 P 02 /^ 
supports the chemical evidence that the former are true acid salts, whereas 
the latter is not. 

(b) Electron diffraction * Owing to the fact that this method is usually 
applied to vapours at low pressures, it is unlikely to reveal intermolecular 
hydrogen bonds. It is for this reason that the structures of hydrogen 
])eroxide and of hydrazoic acid determined by this method give no 
indit^ation of hydrogen bonding, although the ])hysical properties of the 
pure substances clearly point to molecular association by hydrogen bonds. 
On the other hand, the F H F bond in hydrogen fluoride is sufficiently 
powerful to persist in the vapour, which is found to consist of zigzag 
polymers having a F H- F distance of 2*55 a., the F 'F F angle being about 
140°. This agrees well with the vStructure of solid hydrogen fluoride deter- 
mined by the A-ray method, and seems incompatible with previous 
cyclic structures. The method has also been applied to the simpler carb- 
oxylic acids, the dimeric structure of which survives vaporisation. 

II. Indirect {or Comparative) Methods, — These depend very largely on 
the fact that the engagement of a group in hydrogen-bond formation 
modifies the physical, and to a lesser extent the chemical, properties of the 
group involved. They consist of a comparison of properties (many of 
which may be capable of numerical expression) displayed by substances 
which may possess a hydrogen-bond structure, with those of closely related 

^ J. M. Robertson, »/., 1930, 1195. 

^ (Miss) I. E. Knaggs and (Mrs.) K. Lonsdale, Proc. Poy. Soc., 1940, A, 177, 140; 
E. W. Hnghes, J. Arner. Chem. Soc.y 1941, 63, 1737. 

® C. S. Ln, E. W. Hughes, and P. A. Gigu^re, ibid,^ p. 1507. 

’ W. H. Zachariasen, »/. Chem. PhysieSy 1933, 1, 034. 

* S. B. Hendricks, Amtr. J. Sci.y 1927, 14, 269; J. West, Z. KriM,, 1930, 74, 306. 

* L. Helmholz and K. Levine, J, Amer. Chem. Soc.y 1942, 64, 354. 

L. Helmholz, ibid.y 1937, 69, 2036. 

W. H. Zachariasen and R. C. L. Mooney, J. Chem. PhynieSy 1934, 2, 34. 

P. A. Gigucre and V. Schomaker, J. Amer. Chem. Soc.y 1943, 66, 2025. 

V. Schomaker and R. Spurr, ibid., 1942, 64, 1184. 

E.g.y L. Pauling, op. cit.y p. 304; T. G. Heafield and L. Hunter, J., 1942, 420. 

S. H. Bauer, J. Y. Beach, and J. H. Simons, J . Amer. Chem. Soc.y 1939, 61, 19. 

P. Gunther, K. Holm, and H. Strunz, Z. physikal. Chem.y 1939, By 43, 229. 

L. Pauling and L. O. Brockway, Proc. Nat. Acad. Sci.y 1934, 20, 336; J. Karle 
and L. O. Brockway, J. Amer. Chem. Soc.y 1944, 66, 574. 

* See footnote, p. 141. 
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compounds or even isomers, in which such a structure is impossible or 
unlikely. Differences, if of sufficiently marked character, are then attributed 
to the hydrogen-bond structure of the former. 

(a) Infra-red absorption spectra."^ This method is of very wide utility, 
for it can be applied to vapours, solutions, pure liquids, and even solids. 
It depends on the fact that the frequency and intensity of the iufra-red 
absorption band characteristic of the group A~H undergo modification (to 
a lower frequency) when the hydrogen atom is involved in hydrogen-bond 
formation, as in A H B. Such shifts of the fundamental frequency may 
therefore be used as (;riteria of hydrogen bonding, although it has been 
emphasised that they can sometimes be due to other causes. Though 
of recent development, this is rapidly becoming one of the most versatile 
diagnostic, tests for hydrogen-bond structure, and already the presence of 
hydrogen bonds in a large number of compounds whose constitution had 
been deduced from other evidence has received confirmation by this 
method.^® An im[)ortant aspect is that, provided the portion of the S})ectrum 
under observation is not complicated by contributions due to other com- 
ponents of the molecule, this method, unlike the diffraction methods men- 
tioned previously, is independent of molecular complexity and has, for 
example, provided the first experimental evidence, long anticipated on 
other grounds, of N“H~0 bonds in proteins and 0~H~0 bonds in cellulose.^^ 
Moreover, the method is capable of high sensitivity and can detect weak 
hydrogen bonds such as frequently operate in solute-solvent interactions ; 
indeed it is the only direct means at present available of demonstrating such 
transient compound-formation, and is even claimed to give indication of a 
preferred configuration in o-chlorophenol and in certain other o-sub- 
stituted xfiionols in whi(;h, owing to the partial double-bond character 
of the 0-nuclear link, geometrical isomerism of a rather transient type 
arises. 

(b) Volatility. The effect of replacing the hydrogen atom responsible 
for intermolecular association in markedly reducing the boiling point of a 
compound has long been recognised; comparisons between the boiling 
points of alcohols and their methyl ethers, or between carboxylic acids and 
their metliyl esters, provide good examples, and the phenomenon has 
A. M. Biiswell, J. R. Downing, and W. H. Rodebush, J. Arner. Clieni. Soc.y 1940, 
62 , 2759. 

E.g.y see L. Pauling, op. cit.y p. 316 et neq. 

20 A.'m. Buswell, K. F. Krebs, and W. H. Rodebush, J. Physical Chcvi.y 1940, 44 , 
1126. 

21 J. W. Ellis and J. Bath, J. Amcr. Chem. Soc., 1940, 62 , 2859. 

22 W. Gordy, J. Amer. Chon. Soc., 1938, 60 , 605; A. M. Buswell, W. H. Rodebush, 
and M. F. Roy, ihid.y p. 2528; W. Gordy and S. C. Stanford, ihid.y 1940, 62 , 497; 
W. Gordy, J. Chem. Physics, 1939, 7, 93, 163, 167; W. Gordy and P. 0. Martin, ibid., 
p. 99; W. Gordy and S. C. Stanford, ibid., 1940, 8, 170. 

22 L. Pauling, J. Amer. Chem. Soc., 1936, 58, 94. 

2* O. R. Wulf, U. Liddel, and S. B. Hendricks, ibid., p. 2287. 

* For a detailed review of work up to 1938, see G. B. B. M. Sutherland, Ann. 
Reports, 1938, 35 , 38. 
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recently been used to demonstrate a hydrogen-bond structure in pyrazoles,^® 
cyanamides/'^® and ethyleneimine.^^ 

In the case of isomeric compounds, that isomer which can achieve an 
intramolecular hydrogen-bond structure is markedly more volatile than 
those which cannot. Volatility in steam follows similar lines.^® W. 
Baker has drawn attention to the remarkable behaviour of 2-nitrore8orcinol 
(II) and 3-nitrocatechol (III), which have boiling points lower than those of 
the unsubstituted phenols, and has attributed the effect to double chelation. 


^'\/Ox 



(T.) 



(II.) 
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H H 

/ T '? 

\/\/N^O 

U 

(TIL) 


(c) Solvhility and ndated properties. Compounds possessing an inter- 
molecular hydrogen-bond structure are usually more soluble in donor 
solvents (water, alcohol, pyridine, etc.) and less soluble in solvents of 
hydrocarbon type (light petroleum, benzene, carbon tetrachloride, etc.) 
than similar compounds (or isomers) in which such a structure is lacking. 
This effect is due to the fact that donor solvents (but not others) tend to 
simplify such solute molecules by replacing solute-solute bonds by solute- 
solvent bonds. On the other hand, an intramolecular (chelate) hydrogen- 
bond structure will usually survive solution even in a donor solvent, so 
that a compound of this type will be more soluble in hydrocarbon-like 
solvents, and less soluble in donor solvents, than its isomers in which a 
chelate structure is impossible. Much data of this kind is summarised by 
N. V. Sidgwick and R. K. Callow and by N. V. Sidgwick.^^ 

Solubility studies indicating solute-solvent interaction have been made 
by M. J. Copley, C. S. Marvel, and co-workers, pointing to the engagement 
of the hydrogen atom of di- and tri-halogenomethanes,^® and of acetylenes ^ 
in bond formation with donor solvents. Similar conclusions have been 
drawn from heats of mixing.^® 

H. T. Hayos and L. Hunter, J., 1941, 1. 

2® L. Hunter and H. A. Kees, ,/., 1946, 617. 

H. W. Thompson and G. P. Harris, J., 1944, 301. 

*8 N. V. Sidgwick and R. K. Callow, J., 1924, 627; N. V. Sidgwick and T. W. J. 
Taylor, J., 1922, 1853. 

N. V. Sidgwick and W. M. Aldous, J., 1921, 1001. 

J., 1934, 1684. 81 See ref. 28. 8a J., 1925, 907. 

88 G. F. Zellhoefor, Ind, Eng. Chem., 1937, 29 , 684; G. F. Zellhoefer, M. J. Copley 
and C. S. Marvel, J. Amer. Chem, Soc., 1938, 60 , 1337; M. J. Copley, G. F. Zellhoefer, 
and C. S. Marvel, ibid,, p. 2666, 2714; 1940, 62 , 227; C. S. Marvel, F. C. Dietz, and 
M. J. Copley, ibid,, 1940, 62 , 2273. 

8® M. J. Copley and C. E. Holley, ibid., 1939, 61 , 1699; C. S. Marvel, J. Harkema, 
and M. J. Copley, ibid., 1941, 68, 1609. 

88 G. F. Zellhoefer and M. J. Copley, ibid., 1938, 60 , 1343 ; M. J. Copley, C. S. Marvel 
and E. Ginsberg, ibid.. 1939, 61 , 3161 ; C. S. Marvel, M. J. Copley, and E. Ginsberg, 
ibid., 1940, 62 , 3109, 3263; L. F. Audrieth and R. Steinman, ibid., 1941, 68 , 2116. 
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The depression of melting point caused in the presence of liquid water 
(“ wet melting-points ”) has been extensively applied by W. Baker and 
later by H. 0. Chaplin and L. Hunter as a guide to chelate hydrogen- 
bond structure. The method is strictly applicable only to comparison of 
isomers, and is a rough determination of a triple point in the solubility 
(C.S.T.) diagram.^® Compounds of chelate hydrogen-bond structure show a 
much smaller depression of melting point than their non-chelate (associated) 
isomers; e.g., of the nitrophenols the (chelate) o-isomer shows a depression 
of melting point under water of 1°, but the (non-chelate) m- and j)-isomers 
show depressions of 56° and 74° respectively. 

(d) Molecular weight. The first systematic study of the connexion 
between molecular association and chemical structure was made in the 
last decade of the last century mainly by E. Beckmann and by K. von 
Auwers.®® A useful review of this and other early work and an inter- 
pretation in terms of the hydrogen bond has been given by E. N. Lassettre.^^ 
Molecular association, detected principally by the cryoscopic method in 
benzene and naphthalene solution, has recently been demonstrated in a 
large variety of organic types by L. Hunter and his collaborators, whose 
work has revealed that the commonest single cause of molecular associ- 
ation in organic compounds is that due to intermolecular hydrogen bonding. 
Suppression of intermolecular hydrogen bonds by preferential intramolecular 
hydrogen bonding between suitably placed groups, first proposed by N. V. 
Sidgwick and R. K. Callow,^® has now been detected in a large number 
of examples, as in the o-substituted acetanilides represented in (IV). Evi- 
dence is also adduced that the chelate ring in (IV) is approximately 
co-planar with the benzene nucleus [a conclusion which would be expected 
as a result of conjugation of the groups in (IV) with the benzene ring], 
for the introduction of a substituent in the 6-position, as in (V), if large 
enough to be capable of interference with the acetyl group, will rotate the 
A-nuclear bond to such an extent that the imino-hydrogen atom can no 
longer achieve chelate ring-formation, and is therefore free to form inter- 

90-CH3 X 

/X/Nxg /^NH-CO-CHs i^NnH-CO-CHs 

(or COaR.COR.CHO.NaAr) -\yNO 2 

V/ Jv. 

(IV; unimolecular.) (V; associated.) (VI; associated.) 

molecular bonds ; (V) is consequently associated. A similar result 

follows from substitution in position 3, as in (VI), but here the interference 

*• J., 1934, 1684; W. Baker and A. R. Smith, J., 1936, 346; W. Baker, J., 1937, 
476; W. Baker and G. N. Carruthers, J., 1937, 479. 

8’ J., 1938, 376, 1034; 1939, 484. 

8* N. V. Sidgwick, W. J. Spurrell, and T. E. Davies, J., 1915, 1202. 

8* For collected references see K. v. Auwers, Ber.y 1937, 70, 966. 

Chem. Reviews y 1937, 20, 269. 

For collected references see J., 1946, 806. 

*8 H. O. Chaplin and L. Hunter, J., 1938, 375. Idem, ibid., p. 1034. 
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has the effect of rotating the iiitro-group so that its oxygen atoms are no 
longer co-planar with the benzene nucleus. 

(e) Miscellaneous. (The symbol -<— > is used in tliis and subsequent 
sections to denote raolecmlar states between which resonance occurs.) 

Under this heading is included a variety of pro])erties, mainJy chemical, 
in which compounds j)osscssing a hydrogen-bond structure differ from 
those otherwise closely related to them. Whilst it cannot positively be 
stated that these differences are due to the hydrogen-bond structure, it is 
reasonable to quote them in support of it. 

Groups involved in hydrogen-bond formation frequently suffer, as a 
result of their modified structure, a partial or complete suppression of 
their characteristic chemical properties. Examples of this effect are so 
numerous that only a few can be considered. o-Hydroxyazo-compounds 
(VII), unlike their isomers, are frequently insoluble in alkali and incapable 
of methylation by diazomethane ; they acylate with difficulty, and react 
only slowly with phenyl isocyanate. All these characters, as well as their 
mordant dyeing properties and their ability to form chelate metallic deriv- 
atives,^^ are no doubt consequent on the structure (VII) assigned to them. 
Of the two benzilmonoximes (VIII and IX), the one possessing the greater 
solubility in organic solvents and showing much reduced carbonyl activity 
is shown, by its derivation from triphenylit900xazole by oxidative fission, 
to possess a configuration (VIII) capable of chelate ring formation. 
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The fact that two enol forms of an unsymmctrical p-dik(itone liave 
never been isolated has been used as evidence supporting the hydrogen - 
bond structure (XI) of these compounds. In this connexion the demethyl- 
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ation of two isomeric enol ethers (X and XII ; R = o-methoxyijhenyl, 
R' = mesityl) to give a single enol carries more conviction than formerly, 


** C. Smith and A. D. Mitchell, J., 1908, 93 , 843. The resistance of certain chelate 
o-hydroxyketones to methylation by diazomethane is discussed by A. Schonberg and 
A. Mustafa, »/., 1946, 746. 

(Miss) M. Elkins and L. Hunter, J., 1935, 1598; H. D. K. Drew and J. K, Land- 
quist, J., 1938, 292. 

J. Meisenheimer, Ber., 1921, 54, 3206. 

T. W. J. Taylor and E. K. Ewbank, J., 1926, 2821. 

N. V. Sidgwick, Ann. Reports, 1933, 30 , 113; 1934, 31 . 41. 

R. P. Barnes and C. C. CViehrane, ./. Amer. Chem. Soc., 1942, 64 , 2262. 
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since the product is a solid, m. p 105", shown by titration to be 100% 
enol. There are numerous similar examples of the synthesis of a single 
individual by two alternative routes which, were it not for some identity- 
promoting influence such as hydrogen -bond formation, would be expected 
to lead to two different isomers. For example, methylnaphthazarin (XIII), 
only one isomer of which is known, can be synthesised either by condensing 
maleic anhydride with methylquinol (Route A) or by condensing citraconic 
anhydride with quinol (Route B). Independent evidence supporting the 


/CO 

HC\ / 
MX)^ 


O + 


OH 

/\ 




N / 

OH 


H . 


/H 

( ) ( ) 


() () 

1 1 1 


1 1 1 

1 1 1 " 




1 1 1 

\/\/ 

( 1 I 


1 1 1 
() () 

’ • 1 

() o 


H 

(XllJ.) 

H 


OH 


OH 


.CO 


+ 0 




■^C-Me 

1 1 

/CH 


hydrogen- bond stnioture of riaphthazarin lias been provided from absorp- 
tion spectra and from crystal structure.®^ The above example is an 
intramolecular analogue of an unsymmetrical quinhydronc' synthesised by 
the following two routes : 
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and a similar observation has been made in the case of the phenazhydrins.®''’ 
A further example, which has recently been re-examined by L. Hunter and 
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C. B. Roberts,^ is provided by the formazyl compounds (XIV). It must 
be emphasised that, except in the case of quinhydrones, where there is 


A. K. Macbeth, J. K. Price, and F. L. Winzor, J., 1935, 333. 

R. A. Morton and W. T. Earlam, J., 1941, 169. 

J. Palacios and R. Salvia, Aruil. Fis. Quim., 1934, 32, 49. 

*^3 G. R. Clemo and H. Mollwain, J., 1934, 1991. J., 1941, 820, 823. 



148 


OROAisrrc chemistry. 


independent evidence of hydrogen-bond structure,®^ the evidence of altern- 
ative synthesis quoted above cannot be taken as a rigid proof of hydrogen- 
bond structure because the possibility of prototropic conversion cannot be 
excluded. 

The effect of chelation in stabilising a carboxylatc anion (XV) has 
been postulated by W. Baker to account for the greatly enhanced ionis- 
ation constant of 2 : 6-dihydroxybenzoic acid ; such a structure would be 
expected to possess a much reduced proton attraction. In favour of this 
he points out the strong formal resemblance of this structures to 2-nitro- 
resorcinol (If). Similar structures involving only one carboxyl oxygen in 
hydrogen-bond formation have been pro})ose(l for the salicylate ion,*'^'^ and 
to account for the abnormal basic strength of acridine- 1 -carboxylic acid.^® 

The partial fixation of one Kekule structure in the benzene nucleus as 
a result of the engagement of two ortho-groups in hydrogen-bond form- 
ation, and its influence on group migration, has been the subject of study 
by W. Baker and (Miss) O. M. Lothian. Thus, whereas 4-0-aUylres- 
acetophenone (XVI) undergoes Claisen rearrangement to 3-allylres- 
acetophenone (XVII), its methyl ether (XVIII), in which no chelation is 
possible, gives the more normal 2-0-methyl-5-allylresacetophcnone (XIX). 
e 
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In conformity with modern views the authors now regard this effect as 
being due to a predominating contribution from the Kekule form (XVI) 
to the structure of the resonance hybrid.^®® Similar effects are discovered 
in other derivatives of resorcinol.®® 

Ability to form chelate metallic derivatives is usually an important 


O. R. Foz and J. Palacios, Anal. Fift. Quim., 1932, 30 , 421. Later work (J. 
Pala 9 ios and O. R. Foz, ibid.f 1935, 33 , 627 ; 1936, 34 , 779) indicates that the hydrogen 
bond is not symmetrical, and that the qninone and quinol do not entirely lose their 
individuality in the crystal. 

Nature, 1936, 137 , 236. 

G. E. K. Branch and D. L. Yabroff, J. Amer, Chem. Sac., 1934, 56 , 2568, 

A. Albert and R. Goldacre, 1946, 710. 

./., 1935, 628; 1936, 274. Private communication. 

W. Baker, ./., 1934. 1684. 



irUNTEK : THE hydrogen bond. 


140 


indication of ?’?i/m-molecular hydrogen-bond structure. There is such a 
wealth of examples of this behaviour that it would be invidious to make 
any selection.®^ The property provides a popular basis for the qualitative 
and quantitative determination of many metals,®^ and is also the basis of 
Pfeiffer’s stannic chloride test for chelate hydroxy-ketones and -quinones.^^ 
It is unsafe to assume, however, that inability to form chelate metallic 
derivatives indicates absence of hydrogen-bond structure in the parent 
compound. For example, the o-substituted derivatives of acetanilide (IV) 
mentioned on ]). 145 do not yield metallic derivatives under ordinary con- 
ditions, presumably because of insufficient acidity in the imino-hydrogen 
atom concerned. Moreover, the type of co-ordination present in the metallic 
derivatives is not always structurally similar to that in the parent hydrogen 
compound; e.g., diazoamino-compounds, which have been shown to possess 
an intermolecular hydrogen-bond structure,®^ yield metallic derivatives 
possessing an intramoleciular structure.^*'* 

The profound changes in physical properties (elastic modulus, hardness, 
moisture sorption) brought about by V-methylation of ])olyamides of the 
nylon type sup]Jort the evidence from other sources that these fibres consist 
of main chains cross-linked by N H~0 bonds. 

The Types of Hydrogen Bond. 

Examples of the hydrogen bond are now very numerous and are still 
rapidly multiplying. It has long been known that increasing acidity in 
the hydrogen atom enhances its tendency to form hydrogen bonds, and a 
discovery which has led to a considerable expansion of the number of 
examples of the hydrogen bond is that tautomeric hydrogen, except when 
attached to carbon, is peculiarly liable to hydrogen-bond formation 
There is little doubt that this accounts for the surjjrising rarity of hydrogen 
bonds involving fluorine, in spite of the fact that this element forms the 
strongest known hydrogen bonds; for fluorine, unlike the multivalent 
elements oxygen, nitrogen, and sulphur, is unable to utilise hydrogen, 
whether attached to or juxtaposed to it, in protropic change. 

F“H“F. — This bond is responsible for the considerable association of 
hydrogen fluoride,^ and for the occurrence and stability of acid fluorides. 
The F“F distance in the [F“H~F]" ions of potassium hydrogen fluoride 
(2-26 A.) and ammonium hydrogen fluoride (2*32 a.) are the shortest 
hydrogen bonds yet encountered. 

Many are listed in “ Inorganic Chemistry : A Survey of Modern Developments ”, 
by (Sir) G. T. Morgan and F. H. Biirstall, Heffer, Cambridge, 1936. 

“ Organic Reagents for Metals ”, Hopkin and Williams, Ltd., London, 3rd Edn., 

1938. 

P. Pfeiffer, P. Fischer, J. Kuntner, P. Monti, and Z. Pros, Annalen, 1913, 398, 137. 

L. Hunter, J., 1937, 320. 

A. Mangini and I. Dejiidicibus, GazzetUn, 1933, 68, 601 ; G. W. Watt and W. C. 
Ferneliue, Zt. anorg. Chem., 1934, 221, 187. 

«« W. O. Baker and C. S. Fuller, Amcr. Chem. Soc., 1943, 65, 1120. 

L. Helmholz and M. T. Rogers, ibul., 1939, 61, 2590. 

«« M. T. Rogers and L. Helmholz, ibid., 1940, 62, 1533. 
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F“H“N. — The fact that crystalline ammonium fluoride follows the 
wurtzite pattern and thus differs in form from the other alkali and am- 
monium halides is a consequence of this bond; each nitrogen atom is 
surrounded tetrahedrally by four fluoride ions at a distance of 2*66 a.®® 
Crystalline ammonium hydrogen fluoride exemplifies hydrogen bonds of 
two distinct types and lengths; not only are the fluorine atoms arranged 
tetrahedrally around the nitrogen atom (F~H~N — 2-80 a.) but they are 
themselves paired by a connecting bond (F“H~F — 2*32 a.).*^® The crystal 
structure of hydrazinium difluoride is similarly dominated by the F--*H“N 
bond (F-H-N - 2-62 a.).7i 

F~H~0. — There is no evidence for this bond beyond that provided by 
the infra-red absorption of o-fluorophenol, which has been interpreted 
as indicating a chelate structure (I; X — F). X-Ray examination of the 
hydrated fluorides and complex fluorides of the Group 1 metals, long over- 
due, may eventually provide further examples of this bond. 

0~H“0. — This type provides the most abundant examples of the 
hydrogen bond, and is responsible for the molecular association of water, 
alcohols, phenols, and carboxylic acids. It is probable that in this con- 
nexion the carboxylic acids are a special case of a much wider class exhibiting 
hydrogen bond structure, viz., the oxy-acids, although this has been con- 
firmed only for boric, iodic, and telluric acids. Even though a pro- 
portion of the acidic hydrogen in an oxy-acid is replaced {e.g., by metal), 
the remaining oxy-anion shows clear indication of hydrogen-bond structure, 
as in sodium hydrogen carbonate,^ potassium dihydrogen phosphate ^ and 
arsenate,® and ammonium trihydrogen paraperiodate.^® 

The bond plays an important part in the structure of hydrated salts, 
especially where the hydrated water is associated with an oxy-anion."^® 
Considerable clarification of the structure of metallic hydroxides, including 
certain minerals, has resulted from the recognition of their hydrogen- bond 
structure, and many such examples have been reviewed by J. D. Bernal 
and (Miss) H. D. Megaw,"^® who designate the rather weak 0~H~0 bonds 
manifested in these compounds as “ hydroxyl bonds ” (see under “ Nomen- 
clature ”, p. 155). 

The profound influence of the hydrogen bond in deciding in many cases 
not only the crystal habit but many other physical properties of crystals, 
may be illustrated by numerous striking examples. By maintaining an 
open structure within the crystal of the ordinary (a-) form of resorcinol, 

W. H. Zachariasen, Z. physikal. Chem.^ 1927, 127, 218. 

M. T. Kogers and L. Helmholz, J. Amer. Chem. Soc., 1940, 62, 1533. 

M. L. Kronberg and D. Marker, J. Chem. Physics, 1942, 10, 309. 

W. H. Zachariasen, Z. Krist., 1934, 88, 150. 

M. T. Rogers and L. Helmholz, J. Amer. Chem. Soc., 1941, 63, 278. 

B. Gossner and O. Kraus, Z. Krist., 1934, 88, 298 ; L. Pauling, ibid., 1935, 91, 367. 

A detailed review of such hydrates is given by A. F. Wells, “ Structural Inorganic 
Chemistry ”, Oxford Univ. Press, 1945, pp. 364 et seq. 

Proc. Boy. Soc., 1935, A, 151, 384; J. D. Bernal and A. F. Wells, Ann. Reports, 
1935, 82. 212. 
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intermolccular hydrogen bonds prevent the most economical packing of the 
molecules and result in a crystal of density 1-28. At temperatures above 
about 74"^ a slow transition occurs to a polymorphous (p-) form (d 1*33) in 
which the molecules achieve a somewhat closer union by a rearrangement of 
the hydrogen bonds. The formation of layers in certain crystals by means 
of 0"H“0 bonds is a much favoured arrangement, especially where the 
molecules are planar or nearly so. An example of this is provided by 
crystalline boric acid, the molecules of which are united in infinite layers 
by hydrogen bonds, neighbouring layers adiiering only by residual forces, 
thus accounting for the softness and perfect basal cleavage of boric acid 
crystals. Tlie easy layer cleavage of the a-form of anhydrous oxalic acid 
is due to a similar cause, although in the p-form, where the molecules are 
linked in chains, cleavage into strips or laths parallel to the axes of the 
chains occurs. The dominating influence of the hydrogen bond in deter- 
mining the particularly open structure of ice, and the anomalous be^haviour 
of the water-ice s^^stem in the neighbourhood of 0°, has been discussed by 
J. I). Bernal and R. H. Fowler. This unique behaviour has incalculable 
consequences in biological as well as in physical phenomena. 

Among organic compounds, the common property of molecular associ- 
ation in all com})ounds (containing hydroxyl groups is due to 0“H 0 bonds. 
Where the hydroxyl group is favourably ])laced to receive electrons from a 
donor oxygen within the molecule, intramolecular 0~H' 0 bonds may be 
set up as part of a chelate ring system. This occurs in enolised p-keto- 
csters and p-diketones (XI), in phenols substituted in the o-position by 
groups such as NO 2 , CHO, COR, COgH, COgR, and OH, and in many other 
types. 

The puzzling behaviour of the amine oxides (XX) has received satis- 
factory explanation on the basis of the 0”H“0 bond."^® In aqueous solution 
these com})ounds form weakly ionised hydroxides, and their salts (XXI) 
are correspondingly strongly hydrolysed in aqueous solution. On the 
contrary the quaternary hydroxides derived from the related hydroxyl- 
amines (XXII) are strong bases yielding neutral, highly ionised salts.®® 

R3NO 1 RgN-OHJX [RgN-ORJOH R3NO HOH [RgN-OHJOH 

(XX.) (XXT.) (XXII.) (XXIII.) 

This striking difference between the two types of hydroxide is due to the 
assumption by the hydrated amine oxides of an 0~H~0 structure (XXIII) 
which largely reduces their effective basic character ; (XXII) cannot assume 
a corresponding structure, and is consequently very highly ionised. 

N“H~0. — Though not so named at the time, the earliest examples of 
the hydrogen bond were of this type. In 1906, anomalies in the behaviour 

J. M. Robertson and A. R. Ubbelohde, Proc. Roy. Soc., 1938, A, 167 , 122. 

’8 ,/. Chem. Physics, 1933, 1 , 515. 

G. N. Lewis, “ Valencce and the Stnicturo of Atoms and Molecules ”, Chemical 
Catalog Co., New York, 1923, p. 111. 

8® T. D. Stewart and S. Maeser, J. Arner, (jhern, Soc., 1924, 46 , 2683, 
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of certain o-hydroxyazo-compounds led G. Oddo to propose for them a 
structure closely related to (VII), and a few years later T. S. Moore and 
T. F. Winmill invoked its aid to explain the incomplete ionisation of the 
hydroxides present in aqueous solutions of aliphatic amines. Much later, 
its presence was inferred from molecular- weight studies of oximes,®^ amides 
and sulphonamides,®^ a-piperidone,®^ and numerous examples of its intra- 
molecular operation in o-substituted anilides (IV) and certain o-substituted 
})henol8 (I — III) have already been referred to. Z-Ray analyses have 
indicated the N-H-'O bond in acetamide,®® urea,®"^ amino-acids,®® diketo- 
piperazine,®® and polypeptides,®® and it is on the authority of such measure- 
ments that hydrogen bonds of the N“H“0 type have been postulated as a 
fundamental link in the structure of proteins. This has now been con- 
firmed for sixteen proteins by infra-red spectroscopy. 2 ® 

N“H“N. — Because this bond was at first confined to crystalline ammonia 
(N“*H~N — 3-38 A.),®^ and to ammonium azide (N~H“N = 2*96 a.) ®2 it was 
considered to be both rare and very weak. This view must be abandoned 
since the bond has now been demonstrated, by Z-ray analysis, in phthalo- 
cyanine,^ melamine,® and dicyanodiamide,®® and by infra-red spectroscopy 
in ethyleneimine,^’ and has been shown to be responsible for the molecular 
association of diazoamino- compounds,®^ triazoles,®® amidines, iminazoles 
and guanidines,®® pyrazoles and indazoles,®'^ and cyanamides.®® It is also 
present in certain chelate ring systems, including formazyl compounds,®^ 
and o-aminoazo-compounds ®® and their acyl ^®® and thioacyl ^®^ derivatives. 

N“H“S. — Although the normal physical behaviour of hydrogen sulphide, 
thiols, and thiophenols, as compared with their oxygen analogues, is taken 
as evidence of the non-existence of the S~H“S bond, recent molecular- 
weight studies of the thioamides ^®2 have shown that these compounds 
closely resemble the amides in exhibiting molecular association, attribut- 
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88 G. I. Jenkins and T. W. J. Taylor, 1937, 495. 

88 F. Sent! and D. Harkcr, J. Anier. Chem. Soc., 1940, 62 , 2008. 
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able to a N~H~S structure. An important feature of the bond is that it 
is confined to compounds in which the sulphur atom can accept or part 
with hydrogen by tautomeric transfer; for example, though present in thio- 


(XXIV.) 


.NK 




(XXV.) 


acridone (XXIV) it is absent in thiodiphenylamine (XXV). For this 
reason it will probably prove to be present in thioureas, thiocarbamic 
esters, etc., but not in proteins. 

Interaction between thiophenol and pyridine and other bases, ascribed 
to weak N~H~S bonds, has been claimed on spectroscopic evidence. 

0“H"S. — Evidence for this bond is rather scanty and rests on molecular 
association in the thiocarboxylic acids and on the existence of certain 
compounds of benzoquinone with thiols and with thiophenols which 
bear a close resemblance to the quinhydrones. Anomalous heats of mixing 
of thiophenol with certain donor solvents have been attributed to weak 
0“H”S bonds, and interaction between thiophenol and dioxan, detected by 
Raman spectroscopy, seems to be due to the same cause. 

Hydrogen Bonds involving Carbon (C~H“0, C'H“N). — So weak is the 
tendency of the CH group to form a hydrogen bond that it is manifested 
only under the influence of activating atoms or groups tending to promote 
the ionisation of the hydrogen atom, as in chloroform, hydrogen cyanide, 
and phenylacetylene. Even then, the bond is seldom strong enough to 
lead to anything but transient compound-formation, and has never, except 
perhaps in hydrogen cyanide, been detected by molecular weight methods. 
Nevertheless, the application of more sensitive methods gives clear indic- 
ation of intermolecular bonding of a weak kind ; for example, the high 
dielectric polarisation of mixtures of halogenoforms and certain donor 
liquids,^®® the anomalous solubilities of halogenoforms and acetylenes 
in donor solvents, infra-red absorption displacements of chloroform and 
phenylacetylene when dissolved in donor solvents, anomalous heats of 
mixing of halogenoforms with donor liquids,®^ and the abnormal physical 
properties of hydrogen cyanide, have all been attributed to weak C“H“0 
and C“H"N bonds. 

The participation of the CH group in chelate hydrogen- bond formation 
has frequently been postulated to account for anomalies in certain o-di- 
substituted derivatives of benzene and in other compounds where such a 

W'. Gordy and S. C. Stanford, J, Amei . Chew.. Soc., 1940, 62, 497. 

K. V. Auwers, loc. cit. ; T. G. Heafield, G. Hopkins, and L. Hunter, Nature^ 
1942, 149 , 218. 

Beilstein’s Handbuch, 4th Edn., Vol. VII, pp. 615, 616, 646. 

M. J. Copley, C. S. Marvel, and E. Ginsberg, J. Amcr. Chem. Soc., 1939, 61 , 3161. 

R. H. Saunders, M. J. MuiTay, and F. F. Cleveland, ibid., 1942, 64 , 1230. 

D, P. Earp and S. Glasstone, J., 1935, 1709. 

L, Pauling, op. cit., p. 294. 
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structure is sterically possible. Thus, the superior volatility of o-nitro- 
toluene,^® the high dissociation constant of o-toluic acid,^^^ the low dis- 
sociation constant of o-nitrophenylacctic acid,^^“ and tlic slow rate of hydro- 
lysis of ethyl o-toluate,^^^ when compared with their m- and ^-isomers, 
have all been attributed to the formation of six-membered chelate rings 
involving the methyl or methylene groups in weak C^H.“0 bonds. 

HydrogpM Bonds involving Other Elements, — Although strong hydrogen 
bonds are confined to the electronegative elements of the first short period, 
it is not surprising that their homologues, cspc(?ially in the second short 
period, should also exhibit a similar though much weaker tendency. Only 
in sulphur has this tendency been shown to be marked,’®*^ although pre- 
liminary work (unpublished) on compounds of phosphorus points to the 
possibility that this element too may form weak hydrogen bonds. 

In regard to the homologues of fluorine, reference has already been 
made to the spectroscopic evidence for Cl “H~0 bonds in o-chlorophenol, 
and it is noteworthy that the boiling point (176°) of this compound is about 
40° below those of its m- and p-isomers. Similar evidence lias been 
adduced for weak C1~H~() bonds in (‘thylene chlorohydrin, and for 
weak Br“H"0 boiids in ethylene bromoliydrin, o-bronio[)heno], and tetra- 
bromo-guaiacol and -catechol. 

The hydrogen-bond structure jirojiosed for the boron hydrides and 
certain of their mixed hydrides, though it may be deenu^d to fall within 
the definition given at the beginning of this article*, differs markedly from 
the types previously considered, particularly as the* boron (and certain 
metallic) atoms are linked simultaneously through two hydrogen atoms. 
The authors propose to emphasise the difference by using t lui term “ reson- 
ance link” in connexion with sucli structures. 

Hydrogen-bond Association and Tauiornerism . — The work of L. Hunter 
and his collaborators has revealed a close parallel between the tautomeric 
behaviour of a large number of organic types, such as amides, diazoamino- 
compounds, pyrazoles, glyoxalines, etc., and their molecular association, 
and it is suggested that both are due to the intermoleculor sharing of the 
hydrogen atoms responsible for the tautomeric character of these types. 
A new classification is therefore proposed for systems whose tautomerism 
de.pends upon “ mobile hydrogen ”. Those systems in which the alternative 
sites of attachment of the mobile hydrogen are oxygen, nitrogen, or sulphur 
(but not carbon) are now r(‘garded as exhibiting “ mcsohydric tautomerism ” ; 
compounds whose tautomeric character depends on the mobility of hydrogen 
attached to carbon, b}^ virtue of its inability to form stable hydrogen bonds 

See J. F. J. Dippy, Chetn. Reviews, 26, 161. 

J. F. J. Dippy, D. P. Evans, J. J. (lordoii, R.J H. Lewis, and H. B. Watson, 
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when thus combined, are excluded from this type of tautomerism. Dual 
character, which in true prototropy is due to a mixture of tautomers (or 
at least to a mesomeric ion common to both tautomers), is believed in the 
case of mesohydric tautomerism to be due to a homogeneous substance. 
Whether this is so or not, the concept is useful insofar as it directs attention 
to the futility of attempts to separate the tautomeric forms of the types 
included under mesohydric tautomerism. 

Nomenclature , — Although the term hydrogen bond is well established in 
this country, American practice favours the term hydrogen bridge, whilst 
W. G. Palmer, pointing out that the effective agent in all cases is the 
proton, advocates the term proton bond, J. D. Bernal’s distinction 
between a “ true ” hydrogen bond (in wliich only one of the two linked 
atoms y)ossesses attached hydrogen) and the hydroxyl bond (in which both 
atoms have attached hydrogen), though useful in many respects, should 
not be allowed to obscure the fact that the difference is probably one of 
degree and not of kind, and that there is a continuous gradation with no 
sharp distinction, either in bond length or in properties, between the 
extremely weak and the strongest hydrogen bonds. A distinction of another 
kind has been j)roposed for molecular association due to hydrogen bonds 
between like groups (homogeneous) and between unlike groups (hetero- 
geneous), and it is shown that the enhancement of the molecular association 
of phenols and other associated compounds by the substitution of certain 
donor grou])s must be due in part to the latter type. L. H. 

3. Stereochemistry. 

A total asymmetric synthesis of ethyl d-tartrate has been reported by 
T. L. Davis and J. Ackerman.^ A mixture of ethyl fumarate and anhydrous 
hydrogen peroxide in ethereal solution was irradiated with right-handed 
circularly polarised light of wave-band 2535 — 7 — 9 a. Rotations of 
+ 0-073° and + 0*030° (both 0-003°) were observed. The rotation 
increased with time of irradiation up to 120 minutes but thereafter decayed 
rather rapidly to zero at 190 hours. 

It was stated ^ that a specimen of santonin prepared synthetically was 
subsequently found to be optically active, although it was obtained from 
inactive materials. Later there was reported ® the appearance of optical 
activity during the mothylation of 2-formylcycZohexanone by means of 
methyl iodide and sodium, the figure [aj^ — 26-22° being given for the 
rotation of the 2-formyl-2-methylcycZohexanone formed. C. S. Gibson ^ 

“Valency”, Cambridge, 1945, p. 226. 
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pointed out that this claim should not be allowed to pass without careful 
examination, and the actual methylation process was examined experiment- 
ally in two other laboratories, an inactive product being obtained, as would 
be expected.^’® The Oxford workers® referred to the known element of 
chance in such syntheses : it is clear that this factor could not permit of 
activities of the magnitude claimed by the Indian workers, and if they did 
indeed isolate an active product they must inadvertently have done one 
or other of the following things : (1) carried out the methylation in presence 
of singularly efficient circularly polarised light, (2) removed some of their 
product by selective extraction with an optically active solvent or by selec- 
tive adsorption on an “ asymmetric ’’ adsorbent, (3) introduced an active 
second substance. It is to be lioj)ed that the origin of the activity will be 
disclosed in due course. 

Since diastereoisomerides differ in all physical properties, they should be 
separable by distillation, but it is only in comparatively recent years that 
the efficiency of stills has become high enough to permit of the realisation 
of this fact. M. E. Bailey and H. B. Hass distilled 6Z-2-methylbutyl 
methylethylacetate in a OO-plate Lecky column.® The first 40% and the 
last 30% of the distillate gave on saponification I- and rZ-methylethylacetic 
acid with [a]Jf — 0-25'^ and f 0-29°, respectively. Similar results were 
obtained with other mixtures of diastereoisomerides. Thus with the dUsec.- 
butyl ester of r^-a-propionoxypropionic acid and distilling at 35 mm. resolu- 
tion was effected to such a high degree that one saponified fraction (the last 
15% of the total distillate) gave ^-^ec.-butyl alcohol of 86% optical purity. 

Two resolutions are worth noting : that of racemic acid ^ using 
(i-amphetamine, in which racemic acid and the ri-base in aqueous solution 
gave an 85% yield of d-base hydrogim ^-tartrate as the less soluble salt; 
and that of eZZ-biotin,^® wheni use was made, rather unusually, of arginine ; 
Z( 4*) -arginine and (ZZ-biotin in aqueous Z.5opropyl alcohol gave arginine <Z-biotin 
in 92% yield, and this after crystallisation and treatment with dilute acid 
gave pure ^Z-biotin. 

Tt now appears to be fairly certain that the sulphur-oxygen link in 
sulphoxides is a double and not a co-ordinate one.^^ Similarly the 
phosphorus-oxygen bond in a phosphine oxide and the phosphorus-sulphur 
bond in a phosphine sulphide is a double bond. These bonds are all much 
too short to be of the type present in the amine oxides, these being proper 
dative bonds of length about equal, as would be required, to that of the 
equivalent covalent bond. The molecule of a sulphdxide is now to be 
represented as in which Sutton presumably meant when he used the term 

® »T. M. O’Gorman, J. Arner. diem, Soc,^ 1944, 66, 1041. 

® J. W. Conifortli, R. H. Cornforth, and M. J. S. Dewar, Nature, 1944, 153, 317. 

’ J. Amer. Chem. Soc., 1941, 63, 1969. » Ind. Nng. Cfiem. Anal., 1940, 12, 544. 

® E. Walton, J. Soc. Chem. Ind., 1946, 64, 219. 

D. E. Wolf, R. Mozingo, S. A. Harris, R. C. Anderson, and K. Folkers, J. Amer. 
Chem. Soc., 1945, 67, 2100. 

G. M. Phillips, J. S. Hunter, and L. E. Sutton, J., 1945, 146. 
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trigonal bipyrainid In fact, the configuration of a sulphoxide is little 
different under the new constitution from what it was with the co-ordinate 
bond structure. In the new configuration, the sulphur atom is situated 
with respect to groups a and h and the oxygen atom much as the nitrogen 
atom is situated with resj^ect to the three groups a, h and c (see B) in a 
tertiary amine. The difference in optical stability between the sulphoxides 
and the amines may be due (1) to the larger size of the sulphur atom, (2) 
to the presence of the strong SIO bond, and possibly (3) to stabilising 
resonance between the electrons of the double bond and the pair of unshared 
electrons which “ occupy ” the lower half of tlie trigonal bip>Tamid. 



(A) {IS) 


A condensation product of ^-toluidine and formaldehyde known as 
Troeger’s base was shown by M. A. Spielman to bo (I). V. Prelog and 



(I.) (IT.) (HI.) 


P. Wieland noticed that if the nitrogen atoms could assume a stable 
“ tetrahedral configuration the base should exist in mirror-image forms 
(II and III). Owing to the weakness of the base, resolution could not be 
attempted with tartaric acid, and, no doubt owing to the instability of the 
base to acids, only partial and erratic resolution was effected using camphor- 
and bromocamphor-sulphonic acids. Complete resolution was achieved by 
chromatographic adsorption using d-lactose hydrate activated by extraction 


» J. Amer. CUm, Hoc., 1935, 67, 583. 


Uclv. Chim. Acta, 1944, 27, 1127. 
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with chloroform followed by drying and, most essentially, grinding in a 
steel ball-mill. Using light petroleum as the solvent, the c?-base was the 
more strongly adsorbed. The enantiomorphs were obtained with 
+ 287° :f: 7° and — 278° 7° (in hexane). Although the active forms 

were rapidly racemised in alcoholic hydrochloric acid, they were little 
affected by sublimation in a high vacuum. This result is of considerable 
interest since it provides the first examxde of a practicable resolution based on 
chromatography. It hardly bears on the vexed question of the stereo- 
chemistry of ter valent nitrogen, since the molecule of Troeger’s base has a 
very rigid structure and the resolution merely provides another rather 
unusual case of molecular dissymmetry. The rigidity, and to some extent 
the instability in presence of acid, recall the molecule of hexamine, and, in 
the first respect that of the quinuclidine })ortion of the cinchona alkaloids. 

W. C. Davies and F. G. Mann describe the sharp resolution of 
phenyl-^-(carboxymethoxy)phenyl-n-butylphosphine sulphide (IV) using d- 
and M-phenylethylamine. The active forms had ±9*6° in benzene 

solution, and showed complex anomalous rotatory dispersion with a 
maximum rotation at about X 5800. F. G. Holliman and F. G. Mann have 
achieved marked success by obtaining the cyclic ])hosphorus compound (V) 
in an active form.^® 


PlK 

Bu“-^p:s 


COgH-CHa-O’CcH/ 


(IV.) 



Since 1939, when the last report was made on the stereochemistry 
of arsenic, a number of very interesting and important contributions have 
been made by F. G. Mann and his collaborators. Chemical evidence for the 
validity of the dissociation-equilibrium theory of the optical instability of 
arsonium salts has been obtained by F. G. Holliman and F. G. Mann,^® 
who have resolved into optically active forms 2-phenyl-2-jp-chlorophenacyl- 
1:2:3: 4-tetrahydroi5oarsinolinium salts (VI). This particular arsonium 
salt was chosen because there was evidence that a p-chloro-atom stabilised 
the attachment of a jjh^^nacyl radical to the arsenic atom. Resolution 


CH 


2 



Ph 1 

CHa-CO-CgH^Cl j ^ 


(VI.) 


CHo 

\ 

AsMe 


CHg 

(VII.) 


was effected through the bromocamphorsulphonates, from which the d- 
and Z-picrates were obtained with [AT]© + 457° and — 450°, respectively, 


G. M. Henderson and H. G. Rule, J., 1939, 1568. 

J., 1944, 276. Nature, 1947, 159 , 438. ” Ann. Reports, 1939, 86, 236. 

G. J. Burrows and E. K. Turner, J., 1921, 119 , 426. J., 1943, 650. 
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in chloroform. The active Z-iodidc, with — 354°, did not racemise at 

all in chloroform solution during five days at the ordinary temperature. 
This high optical stability taken in conjunction with the chemical stability 
of the i^oarsinolinium salts provides strong evidence in favour of the 
dissociation theory of the optical instability of quaternary arsonium salts. 

D. R. Lyon and F. G. Mann have shown that 2-mcthylMoarsindoline 
(VII) readily combines with one equivalent of o-xylylene dibromide to give 
2-o-(bromomethyl)benzyl-2-methyKsoarsindolinium bromide (VIII) which, 
when heated, loses methyl bromide with the formation of the highly 
crystalline ^5-5pirobisi^.soarsindoliniimi bromide (IX). Using this interesting 


CH 2 Me CH 2 CH 2 



(Vlll.) (IX.) 


method for the synthesis of spirocyclic arsonium salts, F. G. Holliman 
and F. G. Mann have juepared ^,s-5jt;iro-bi8-l : 2 : 3 : 1-tetrahydroi^o- 
arsinolinium bromide (X) from 2-methvl-l : 2 : 3 : Idetrahydroi^oarsinoline 
and a valuable substance these authors have used in a number of ways, 
namely, o-2-bromoethylbenzyl bromide : 


CHo 


OH, 


^9H2 

/AsMe ^ 




CH.. 


OHo 




CH. 


CHo 


(X.) 


‘CH. CH. \/\ . _ 
\As/ “ I I iBr 

. A/ ^ 

CH. CH. 


The cation of (X) possesses molecular dissymmetry. The bromocamphor- 
sulphonate was resolved and the active iodides isolated with [Jf]© + 342° 
and — 344° in chloroform solution, in which these salts had high optical 
stability. The authors point out that the resolution of this spirocyclic 
arsonium salt supports, but does not prove, the tetrahedral configuration 
of the 4-covalent arsenic atom. If the latter possessed a pyramidal 
configuration the spirocyclic salt (X) could give rise to geometrical isomerides, 
and the trans-fovm^ having no element of symmetry, could show optical 
activity. Actually there was no evidence that two such forms existed. 

Again making use of o-2-bromoethylbenzyl bromide, the same authors 
have added to the known thioi^ochroman the corresponding selenium and 
tellurium compounds and as a result have been able to prepare and resolve 
J., 1945, 30. *1 J., 1945, 45. »» J., 1945, 37. 
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a eutropic series of compounds (XI) in which E is S, Se, or Te. The actual 
salts resolved in each case were the bromocamphorsulphonates, which were 
converted into active picratcs. 2-^-Chlorophenacylthioisochromanium 
picrate (E ~ S) was obtained with [M]u — 242° and + 250° in acetone. 
The corres])onding seleno-pi crate (E = Se) had [lfjr> - 533° and + 504° in 
acetone. Both sets of picrates were optically very stable in solution. The 
2-p-chloro])henacyltelluro^^ochromanium ion was not fully resolved, but the 
optically impure enantiomorphic picrates isolated had — 632° and 

+ 575° in acetone, and it was reasoned that the optically pure picrates 
would have [iUJo greater than 750°. The telluronium salts were much less 
stable optically than the sulphur and selenium analogues, racemising 
moderately rapidly in boiling solvents and at a measurable rate in cold 
moist acetone. Some mutarotation measurements were made which add 
further interest to the anomalous results recorded by T. M. Lowry and 
F. L. Gilbert.^^ It is to be noted that this is the first time a eutropic series 
of optically active compounds has been obtaiimd and that there is a marked 
increase in molecular rotation in ])assing from sulphur through selenium to 
tellurium . 

CHg 

r’Y 

/E-CH2-0O-0eH,Cl}X 
CH 2 (XJ.) 

A useful review is made of the stereochemistry of “ square complexes ”, 
In particular the problem of the structure of bivalent platinum complexes 
is considered. Of all the configurations which are theoretically possible the 
square is the only reasonable one which is not excluded by interpretations 
of the phenomena of geometrical and mirror-image isomerism and 
spectroscopic and dipole moment measurements, or by the results of X-ray 
crystal analysis. 

L. E. Marchi, W. 0. Fernelius, and J. P. McReynolds have contributed 
to the formal stereochemistry of compounds of elements of co-ordination 
number 8. From the large number of possible arrangements of eight groups 
round a central atom, they consider four configurations, the cube, the 
square Archimedean antiprism twisted cube ”), a dodecahedron with 
triangular faces and with symmetry V a, and a trigonal prism with triangular 
pyramids joined to the triangular faces. Isomer tables for mono- and 
bi-dentate groups and these configurations have been developed. 
Corrections to these tables were published later.^^ 

Two of the same authors have made a preliminary study of complex 
uranium oxalates. By mixing aqueous solutions of tetrapotassium uranium 
tetraoxalate with aqueous solutions of strychnine sulphate, various 
precipitates of strychnine salts were obtained, and from these the potassium 

J., 1929, 2867. 24 Mellor, Chem, Reviews, 1943, 38, 137. 

J. .4mer. Soc., 1943, 65, 329. 1944, 66, 1984. 

27 L. E. Marchi and vT. P. McReynolds, ibid., 1943, 66. 332. 
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salt of the acid H 4 [U(C 204 ) 4 ] is claimed to have been isolated in four forms, 
none being optically pure. The four potassium salts obtained, in order of 
increasing solubility ( ? of strychnine salt) had ai> in a 2 dcm. tube : + 0*10'' 
(c, 0-26), — O-IO'" (c unknown), + 0-07° (c, 0*47), and -- 0-05'' (c, 0*05). 
The experimental error was given as d 0'()2'^. The solutions of the first 
two salts became inactive at room temperature in under one hour, the 
solutions of the last two salts retaining their activity for at least twelve 
hours. The result is taken to indicate that two alternative configurations 
arc possible — the square Archimedean antiprism and the above dodecahedron 
— but considerable amplification of the experimental evidence is clearly 
desirable. 

It will be remembered that Adams and bis school produced figures 
for so-called interference values ” between two atoms or groups attached 
one to each of the 2 and 2' positions in the diphenyl molecule. Thus, if 
attached to position 2 there was an atom X and to position 2' there was 
attached an atom Y, then, from the known (X-ray) bond lengths, 
a “ Aromatic carbon-X, and h = Aromatic carbon-Y, and from the sum, 
2*90, of two aromatic bond lengths, the interference value was calculated as 
(a + 6 —■ 2*90) A. This sim})Ie calculation igjiores the rather disturbing 
effect of any great dissimilarity in the magnitudes of a and ?>, but the idea 
served its authors a very useful purpose in that a mass of information was 
accumulated which related the interference value to experimental figures for 
comparative ease of racemisation. 

The limited usefulness of the Adams method remains hardly affected by 
modern data for the dimensions of the diphenyl molecule. Attention may 
here be drawn to a precise electron-diffraction analysis of the hydrocarbon 
by I. L. Karle and L. 0. Brockway, who find that the 1 : T bond is 
1-54 0*03 A., the nuclear bonds all being 1-39 j- 0 04 a. These authors 

calculate that the separation of the 2 and 2' hydrogen atoms in a co-planar 
diphenyl molecule would be 1-84 a. Tlierefore, since tlie nearest approach 
of hydrogen atoms in different molecuk^s, as with durene, hexamethyl- 
benzene, or methane, is 2-0 a., energy would be required to force the diphenyl 
molecule into the co-planar condition. 

Stereochemical workers who have studied the steric factors operating in 
cases of dissymmetry caused by restriction of rotation will be interested in 
the calculations made by I. Dostrovsky, E. D. Hughes, and C. K. Ingold 

of steric hindrance to the substitution reaction Br~ + RBr ^ BrR + Br“ 

in terms of activation energies. Tlie reactions studied are bimolecular 
nucleophihc substitutions in a series of primary bromides, Me, Et, Pr®, Bu^ 
and weopentyl, a series in which rate sequences depend less on polar factors 
than on the progressive building up of steric hindrance by the addition of 
methyl groups in the p-position. It is found by experiment that steric 
hindrance reduces the weopentyl bromide reaction rates by factors of about 
10^ and raises Arrhenius activation energies by about 6 kg.-cals. in 
Seo for example Chem. Reviews^ 1933, 12 , 261. 

« J. Amer, Chem. 8oc., 1944, 66, 1974. J., 1946, 173. 

EBP. — ^voL. xun. 
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comparison with other primary bromides. The picture used for calculating 
“ compression ’’ incorporates the accepted linear transition state Br-C„-Br, 
that for neopentyl bromide (XII) being the most complicated case considered ; 



replacement of the methyl groups successively by hydrogen atoms illustrates 
all the other members of the series down to methyl bromide. The angles 
are either tetrahedral or follow from the geometry of the figure : the distances 
Br-Ca estimated by adding the covalent radius of carbon to the mean 
of the covalent and ionic radii of bromine : other bond lengths arc 
taken as the sum of normal covalent radii. A shortening of the maximal 
van der Waals radii when the bond makes a small or a moderate angle 
with the direction of a covalency is calculated and used as the distance at 
which two atoms come into contact as far as energy relations are concerned. 
From these data, the authors work out a “ touching distance ” (from the 
modified van der Waals radii) and a “ model distance ” (from the transition 
state model) ; the difference between these two figures is the “ compression 
for that particular pair of atoms. The compression so evaluated is virtually 
zero in all the initial states of the molecules, but in the transition state 
C^Br distances are compressed about 0*2 a. and the shortest Cy-Br distance 
by something of the order of 1a. : in the ?ieopentyl bromide-Br ~ transition 
state there are two such Cy-Br distances, accounting for the sharp rise in 
steric hindrance to reaction as this member of the series is reached (Br-H 
compressions are also evaluated). 

Proceeding then, by transition state methods, the authors calculate the 
increment in activation energy attributable to these compressions. 
Assuming rigid bonding forces the results are : 

First Upper Limits to Contributions of Steric Hindrance to the Activation 
Energies of Br Exchange, 

Me. Et. Pr^. Bu^. Pr®. Bu**®. neoPentyl. 

Energy increment, 

kg.-cals 0-0 0-9 1-9 2-7 0-9 2-3 12-6 

Small differences in these values are obtained (but amounting to nearly 1 
kg. -cal. in the last case) by allowing for stretching of the Br-Ca-Br bond : 
the values are regarded as an upper limit because no allowance is made for 


L. Pauling, “ The Nature of the Chemical Bond Cornell Press, 1940. 
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bending of the Br~C„-Br axis, which is expected to bring down the increment 
substantially. 

Comparison with experiment bears witness to the essential correctness 
of the treatment : data of L. J. le Roux and S. Sugden and of G. A. Elliott 
and S. Sugden show that the radioactive bromine exchange reaction of 
three primary alkyl bromides in “ 90% ” acetone is attended by Arrhenius 
activation energies as follows : 

Bromide. Pr“. Bu“. Bu^*®. 

E\ kg.-cals -19 19-3 20-6 

that is, there is a difference of about 1*3 kg.-cals. for the added p-methyl 
group in going from a normal to an iso-structure. The steric effect on 
activation energy, by calculation, varies very little when one halogen is 
replaced by another ; therefore the size of the substituting ion is not of the 
first importance and it is relevant to compare ethoxyl-bromine or 
iodine-bromine rej)lacements with the above calculation 


Relative Rates and Arrhenius Activation Energies of Bimolecular 


Substitution of Primary Alkyl Bromides. 

Me. 

Substitution by OEi~ in EtOH : 


Relative rates at 55° 17*6 

Ey kg.-cals 20-0 


Substitution by I~ in McgCO : 

Relative rates at 64° 

Ey kg.-cals 


Et. 

Pr“. 

Bu*'®. 

neoPontyl. 

1 

0*28 

0030 

0-0000042 

21*0 

— 

22-8 

26-2 

1 





0-000063 

19 

— 

— 

25 


These observed differences in activation energy are roughly of the expected 
order. 

Further developments of this kind of correlation will be awaited with 
interests 

R. Adams and his collaborators have continued their investigations of 
restricted rotation in arylolefinic acids, and interesting results have been 
obtained by varying the substituents in the olefinic grouping. All four 
optically active molecules of type (XIII) and (XIV), where Y is Br or Cl, 
show moderate optical stability, and from the rates of racemisation it is 





(XIII.) 


Me 


/ 




Y 


!Me 


C< 


H 

CO2H 


(XIV.) 


obvious that bromine, as would be expected, has a larger steric eflfect than 
chlorine, and that the methyl group a to the carboxyl group in (XIII) 
induces greater stability than a hydrogen atom in the same position.®®- ®* 

« J., 1930, 1279. »» J., 1939, 1836. 

** I. Dostrovsky and E. D. Hughes, J’., 1946, 167, 161. 

R. Adams, A. W. Anderson, and M. W. Miller, J. Amer. Chem. Soc.y 1941, 63 , 1689. 
»• R. Adams and C. W. Theobald, ibid., 1943, 65 , 2388. 
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In another series of compounds of type (XV) where Y = Cl, R = Me 
or Y ~ Cl, R — H or Y = Br, R ~ H, the optical isomers were relatively 



(XV.) 


Me 


Mel 


lOMc 

(XVI.) 


unstable and those compounds in whicdi Y — OMe, R — Me, or Y — OMe, 
R = H or Y — SMe, R — H, could not be resolved. Compounds in which 
Y “ Me and R H or Me in a series of tyjie (XVI) were also investigated 
and it was deduced that the p-methyl group was less effective than the 
p-chlorine atom in restricting rotation. 

The influence of p- substituents on restricted rotation in this arylacrylic 
acid scries would therefore appear to be Br > Cl > Me, in contrast to 
Br > Me > Cl in the diphenyl series.^®' 

That an a-methyl group in the molecule has a marked stabilising influence 
was illustrated by comparing the optical stability of (XVII) and (XVIII). 
In ri-butyl alcohol at 22” the approximate half-life period of (XVII) was 
420 minutes and that of (XVIII) was 700 minutes. Assuming that the 
effect of chlorine in the ring has negligible influence (demonstrated by earlier 
results), the greater stability of (XVlIl), in s}>ite of the fact that it contains a 
p-methyl group in place of the larger p-brominc in (XVII), serves to confirm 
this conclusion.^®’ 



(XVII.) 


Me 


Me 
C, 


Mel JoMe 


'^■C< 


Me 

CO,H 





(XVIII.) 


o ' (XIX.) 


In amplification of a previous notice, ^2 ^ Liittringhaus and M. 
Graalheer have obtained 4-bromogentisic acid decamethylene ether 
(XIX) in mirror-image forms. The Z-acid was obtained from the strychnine 
salt and had [ajl/’ — - 37*2° in acetone, while the cZ-acid, obtained from the 
cinchonine salt, had [a]}/* + 37*5”. The sodium salt of the cZ-acid was 
optically stable in aqueous solution at 100” over a period of three hours. 
The methyl ester was not racemised during saponification with methyl- 
alcoholic potash qr when heated in toluene solution at 210” for four hours. 


R. Adams and W. J. Gross, J. Arner. Chem, Soc., 1942, 64, 1786. 
R. W. Stoughton and R. Adams, ihid,y 1932, 64, 4426. 

H. C. Yuan and R. Adams, ihid.^ p. 4434. 

R. Adams and R. S. Ludington, ibid>, 1945, 67, 794, 

R. Adams andJ. W. Meconey, ibid., p. 798- 
** Ann. Reports, 1941, 38, 217. 

Annalen, 1941, 56P, 67. 



JAMISON, LESSLIE, AND TtTENER ! STBREOCHEMISTBY. 165 

Inhibition of rotation within the molecule arises from the constriction of 
the benzene nucleus within the outer ether ring, so that rotation about 
the 0-0 axis is hampered. For this tyi)e of compound the name of arisa 
(handle !) is suggested by the authors. 4-Bromogentisic acid dodeea- 
methylene ether could not be resolved. Whether this is due to optical 
instability or to other causes was not decided. 

J. Kenyon and his co-workers have continued their investigations into 
the properties of optically active secondary alcohols the asymmetry of which is 
seated in the a-position : from the practical point of view of the working 
stereochemist the mode of hydrolysis of the esters with resolving acids 
or with phthalic acid of these alcohols is of prime importance. Of the 
alcohols studied, ^-methoxybenzhydrol in the form of its esters most readily 
gives an alkyl cation (R'^COgR — R'^COa" + R^, the substituted allyl 
and then l-na 2 :)hthylmcthylcarbinyl esters are next in order of stability in 
this sense, while phenylniethylcarbinyl esters tend still less towards alkyl- 
oxygen fission. 

Oj>tically active 1 : 3-dimethylallyl hydrogen ^^bi^balate in solvolytic 
reactions with formic and acetic acids, hot methyl alcohol, w-butyl alcohol, 
benzyl alcohol, and phenol gives extensively racemised products (esters or 
ethers) ; if the reaction is stopped before it finishes in any of the cases the 
unreacted ester is shown to be largely racemised also. These results show 
that alkyl-oxygen fission, both during reaction and by unimolecular 
solvent-aided ionisation in solution, liberates momentarily a carbonium 
cation which can racemise. While the optically active hydrogen phthalate 
is stable in methyl alcohol at 3R, in nitromethane at the same temperature 
ionisation is facilitated and much racemisation is undergone during two 
months. 

^-Methoxybenzhydrol and its esters and ethers show their tendency to 
alkyl-oxygen fission by ready conversion into p-methoxybenzhydryl 
chloride on treatment with cold concentrated hydrochloric acid. As might 
be expected, the hydrolysis of ( + )-i?-niethoxybenzhydryl hydrogen phthalate 
results in almost compk^te racemisation of the alcohol even when strong 
aqueous alkali is used : the highest retention of optical activity is obtained 
when using only 2% of water in the alcohol in an attem 2 )t to emj)loy 
conditions most favourable for suppressing alkyl-oxygen fission ; the 
optically active carbinol becomes racemised even on heating alone in water. 
The alkyl-oxygen bond is so weak that the sejjaration of an insoluble 2 )roduct 
(in presence of a reagent) can determine the course of a reaction : for example, 
when (-)-)-^“niethoxybenzhydryl hydrogen jihthalate is dissolved in 
0-15N-sodium hydroxide (1 moL), separation of an oil begins immediately, 
and is complete after eighteen hours, leaving only sodium phthalate in 
solution. The oil is ^-methoxybenzhydrol of low dextro-rotation and 

«« M. P. Balfe, H. W. J. Hills, J. Kenyon, H. Phillii)s, and B. C. Platt, J., 1942, 556; 
M. P. Balfe, M. A. Doughty, J. Konyon, and R. Poplett, J., 1942, 605; M. P. Balfe, 
E. A. W. Downer, A. A. Evans, J. Kenyon, R. Poplett, C. E. Searle, and A. L. Tdmoky, 
J., 1946, 797. 
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a di-^-methoxybenzhydryl phthalate which contains one ( + )-p-benzhydryl 
radical and one which has been racemised during migration : 



Neutral ester with half optical activity. 


The (4-)hydrogen phthalates of 1-naphthylmethylcarbinol and 
phenylmethylcarbinol react with anhydrous formic acid to give the 
rfZ-formate. Neither hydrogen phthalate reacts with anhydrous methyl or 
ethyl alcohol, but on addition of water to the methyl alcohol (increasing 
the ionising power of the medium) 1 -naphthyl me thylcarbinyl hydrogt^n 
phthalate forms a racemic methyl ether. Hydrolysis of the hydrogen 
phthalate of optically active 1-naphthylmethylcarbinol with weak alkali 
(sodium carbonate) results in about 50% racemisation, but similar treatment 
of phenylmethylcarbinyl esters gives almost as little racemisation as is 
obtained on using 1 On - sodium hydroxide. 

Some other cases of alkyl-oxygen fission of alcohols and their derivatives, 
previously described in detail, are listed by these authors; for example 
D. I. Duveen and J. Kenyon found that the ( — )hycLrogen phthalate of 
2-furylmethylcarbinol can be hydrolysed by lON-sodium hydroxide to give 
the optically pure alcohol, whereas hydrolysis with sodium carbonate yields 
a racemic alcohol. Attention is drawn to the fact that tendency towards such 
a mode of reaction parallels the electron-releasing power of the alkyl group. 

Under appropriate conditions, similar esters with stable, optically active 
acids should be interesting material for studies in asymmetric transformations. 

Replying to a criticism by H. I. Bernstein and E. S. Wallis that the 
optical rotations on which J. Kenyon and D. P. Young based their 
interpretation of the Beckmann change were rather small, A. Campbell and 
J. Kenyon have provided the fresh experimental evidence in Beckmann, 
Lossen, and Curtius changes tabulated below : 

Reten- [oJd 
lion of of acetyl 
Type of optical derivative 

rearrange- activity (pure 

Starting material. Product. ment. (%). — i68-l°). 

(-f )Ph*CHMe*C(INOH)Me ( —)Aoet-l -phenyl- Beckmann 99*6 ~167-4° 

(2*6 g.) ethylamide (1-4 g.) 

(-j-)Ph-CHMe-C(:NOH)-OH ( -)1-Phenylethyl- Lossen 99-2 -166-9 

(3-8 g.) amine (1-8 g.) 

(-f )Ph*CHMe*COaH (5 g.) ( — )1-Phenylethyl- Schmidt 99*6 —165-2 

amine (2-9 g.) (modihed 

Curtius) 

J. Org. Chern., 1942, 7, 262. 1941, 263. « »/., 1946, 26. 


« J., 1936, 621. 
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Coupled with the studies of C. L. Arcus and J. Kenyon of the Hofmann 
reaction on ( + )hydratropamide, the authors conclude that the evidence 
points to the retention of molecular asymmetry during the migrations, and 
also of molecular configuration. A. E. Brodski and G. P. Mikluchin 
suggest that, since in obtaining benzanilide from benzophenone oxime 
hydrochloride by a Beckmann change from water used in the final 
decomposition can be detected in the product, the change must be inter- 
molecular. Campbell and Kenyon point out that this could be so for the 
hydroxyl group without being true for the migrating group, but that no 
inference could be drawn from the results of a reaction using phosphorus 
pcntachloride, since the intermediate compound must have the oxygen 
replaced during the reaction. 

M. M. J. 

M. S. L. 

E. E. T. 

4. Carbohydrates. 

The Chemistry of the Inositols. 

S}>ecial interest is attached to cyclic alcohols in view of the action of 
77? c,s'oi nosit ol as a growth -promoting factor in the Bios group ^ and because of 
the widespread occurrence in Nature of its hexaphosphoric ester, i)hytin.^ 
Of even greater interest is the occurrence of inositol derivatives as constitu- 
ents of certain bacterial lipoids^ and of streptomycin.^ The possibility 
also exists that inositol may be an intermediate in the biochemical trans- 
formation of glucose into sugars such as (/-ribose, and into benzene deriv- 
atives.^' Since no account has been given, within recent years, of the 
chemistry of the inositols and their derivatives, it has been considered oppor 
tune to compile a survey of the literature in this field. 

me^olnositol (I), CgHjgOg, was discovered by D. Scherer ® in muscle, and 
L. Maquenne ^ demonstrated that it was a cyclic hexahydroxy- alcohol. The 
determination of the configuration of this optically inactive compound was 
attended by many experimental difficulties. Reactions which could be utilised 
in the sugar series to determine the presence or absence of m-hydroxyl 
groups are not specific in the cyclitol series. Recourse had to be made to 
an examination of the partly x>hosphorylated inositols and the products 
produced on oxidising them with potassium permanganate. By the action 

Compt. rend. Acad. Sci. 1941, 32, 558. 

^ F. Kogl and W. van Hasselt, Z. physiol. Chern., 1936, 242, 74. 

* V. Suzuki, K. Yoshimura, and M. Takaiski, Bull. Coll. Agric. Toyko, 1906, 7, 503. 

® “ An Introduction to Bacteriological Chemistry ”, C. G . Anderson, E. & S. 
Livingstone Ltd., Edinburgh, p. 344. 

* R. L. Peck, C. E. Hoffhine, jnr., E. W. Peel, R. P. Graber, F. W. Holly, R. Mozingo, 
and K. Folkers, J. Amer. Chem. Soc^, 1946, 68, 776. 

® F. Micheel, Annaten, 1932, 496 , 77. 

* T. Postemak, Helv. Chim. Acta, 1929, 12, 1171. 

’ J. Needham, Biochem. J., 1924, 18 , 1371 ; 1929, 23 , 319. 

8 Annalen, 1850, 73 , 322. » Ann. Chim., 1887, 12 , 80. 
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of phosphatase on phytin, an optically active tetraphosphoric estea? and an 
optically inactive monophosphoric ester of me^oinositol were obtained. 

1234 

The isolation of the latter derivative excluded formula whilst the isol- 

56 

ation of the optically active derivative of metsoinositol showed that it could not 
1 23456 

have the configuration — — . (The numbers in the numerator or denominator 


indicate the position of the hydroxyl groups above or below the plane of the 
ring respectively.) Oxidation with fuming nitric acid of a mixture of me.so- 
inositol mono- and di-phosphates leads to the isolation of racemic and me^o- 

135 

tartaric acid. These observations exclude formula which contains irans- 

246 


hydroxyl groups only and therefore would not give mcsotartaric acid on 
oxidation. Furthermore, oxidation of mc^oinositol by alkaline permangan- 
ate gives, in addition to triliydroxyglutaric acid, a mixture of tetrahydroxy- 
adipic acids from which a racemic mixture of d- (II) and Z-/a7omucic acid * and 
a racemic mixture of d- (III) and Z-saccharic acids were isolated. The only 
remaining configurations for /r/CcWinositol consistent with this evidence are 


12345 

6 


(IV) and (I). 
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T. Posternak was able to decide between these two possibilities from 
an examination of the reactions of the oxidation product produced by the 
action of Acetobacter svboxydans on mesoinositol. This resulted in the form- 
ation of a ketose, inosose which on oxidation gave a racemic mixture 

of d- (VI) and i-irfosaccharic acid and on reduction regenerated mesoinositol 
and yielded simultaneously another substance, scyllitol (cocosite, cocositol. 


T. Postomak, Helv. Chim. Acta, 1935, 18, 1283. 

R. J. Anderson, J. Biol. Chem., 1914, 18, 441. 

” Helv. Chim. Acta, 1942, 25, 746. 

A. J. Kluyvor and A. G. J. Boezaardt, Rec. Trav. chim., 1939, 58, 956. 

** G. Staedolor and F. H. Frerichs, J. pr. Chem., 1868, 73, 53 ; H. Muller, J., 1907, 
1767. 

* Initially incorrectly identified as oMomucie acid. 
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quercin, quercinite), which is also a naturally occurring cyclitol. meso- 
Inositol must therefore be (I) and scyllitol which occurs in Acanthias vulgaris 
must be (VII). G. Dangschat and H. 0. L. Fischer arrived independently 
at the same configuration for Twe^oinositol from a study of the oxidation 
products of its tetra -acetate (VIll), which had been prepared from the 
tetra-acetyl monoacetone derivative (IX) by de-acetonation. 
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This product (VIII) underwent oxidation with lead tetra-acetate in benzene 
with the formation of the dialdehyde derivative (X) identified after oxidation 
as a racemic mixture of the tetra-acetyl derivatives of the diethyl esters of 
d- (VI) and f-idosaccharic acid. This confirms formula (I) for mesoinositol. 
mesolnositol also occurs in the form of a dimethyl ether (“ dambonite ”),^® 
the constitution of which is imknown. 

Only two optically active inositols are known. These are the d- and 
i-isomers of the cyclitol (XI) which possesses the sole configuration which can 
give rise to optical activity The relative configuration of these two isomers 


** Naturwiss., 1942, 80, 146. “ A. Girard, Compt. rend., 1868, 67, 820. 

” F. Mohr, J. pr. Cltem., 1903, 68, 369. 
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has been proved by T. Posternak,^’* who oxidised Z-inositol with nitric 
acid and isolated mucic acid (XIII) (the ring breaking between and C^) 
and 6^-saccharic acid (III) (the ring breaking between and Cg). 
Mnositol, therefore, has configuration (XI) and d-inositol is the corresponding 
optically active isomer (XII). These optically active cyclitols are of com- 
paratively rare occurrence, but their corresponding monomethyl ethers 
(quebracliitol and pinitol respectively) are more widespread. The 
inositols can be detected by the Scherer reaction, in which the poly- 
hydroxy-alcohol is converted into the tetrahydroxyquinone (XIV), identi- 
fied by the formation of characteristic red salts on addition of a solution of 
calcium or barium chloride to the oxidised material. 

Deoxy- derivatives of cyclitols, like deoxy-dcnvatives of hexose sugars, 
occur in Nature. The commonest deoxycyclitol encountered is cZ-quercitol 
(XV), which occurs in acorns, oak bark, etc. This substance, however, is not 
the optical isomer of the so-called /-quercitol which occurs in the leaves of 
Gymnema Sylvestra. The configuration of d5-quercitol was proved by T. 
Posternak, who examined and identified the products produced on oxidation 
of the cyclitol. In 1926, P. Karrer had shown that, of twelve possibilities, 
only four configurations (XV and XVI and their optical isomers) were feasible 
for quercitol. The number of isomers is limited by the observed optical 
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activity of the quercitol molecule and by the observation that oxidation 
with nitric acid produces mucic acid (XII). In addition to this acid, l^arabo- 
trihydroxyglutaric acid (XVII), and a meta-saccharic acid (XVIII), which 


A. Bouveault, Bull. Soc. ohirn.t 1894, 11 , 144. 

Helv, Chim. Acta, 1936, 19 , 1007. C. Tanret, Compt. rend., 1889, 109 , 908. 

M. Borthelot, ibid., 1855, 41 , 395. D. Scherer, Annalen, 1852, 81 , 376. 

C. Bottinger, ibid., 1880, 202 , 282. 

F. B. Power and F. Tutin, J„ 1904, 85, 624. 

24 Bclv. Chim. Acta, 1926, 9 , 116. 
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can be converted into a deoxypentose identical with (i- 2 -deoxyxylose 

(XIX) , are also formed. It follows, therefore, that (XV) is the correct con- 
figuration for (^-quercitol. Since the so-called Z-qucrcitol is not the optical 
isomer of (XV) it may be one of the optically active forms of (XVI). 

Dideoxy-derivatives of the cyclitols are known (e.g., betitol which 
occurs in beet sap) but their configurations have not been ascertained. The 
structure of a corresponding unsaturated dideoxy-derivative — conduritol 

(XX) , CgH — was proved in 1939 by G. Dangschat and H. O. L. Fischer^^ 

by the following method. Conduritol yields a monoacetone derivative which is 
not oxidised by lead tetra- acetate. It therefore has structure (XXI) in which 
the hydroxyl groups on and Cg, which have reacted with the acetone, are 
cis~ to one another, the configurations of the remaining hydroxyl groups being 
unknown. This product after acetylation (XXII) is oxidised by neutral per- 
manganate to a dihydroxy- compound (XXIII) which on further oxidation, 
first with lead tetra-acetate and then with peracetic acid, yields a diacetyl 
acetone derivative of mucic acid (XllI), thus proving that the hydroxyl 
groups on C 3 and Cg are irans- to those on C 2 and respectively. 

The structures of the two carboxylic acid derivatives of the cyclitols, 
shikimic and quinic acids, liave also been investigated by G. Dangschat and 
H. 0. L. Fischer.'^^ Shikimic acid (XXIV) which occurs in Illicium verum 
and I. religiosum analyses as 0711 ^ 305 . It contains one carboxyl group, 
three hydroxyl groups, and one double bond. Oxidation of the methyl ester 
with periodic acid yields one mol. of formic acid (thus proving the presence of 
hydroxyl groups on each of three contiguous carbon atoms) and a dialdehyde 
(XXV) which, on further oxidation with perpropionic acid forms, after 
hydrolysis of the ester grouping, ^rar^s'-aconitic acid (XXVI). Shikimic acid, 
on hydrogenation, is converted into a saturated dihydro-derivative,^®« which 
furnishes an optically active lactone, unaffected by periodic acid. Models 
show that this optically active j)roduct possesses structure (XXVII) in which 
the hydroxyl and carboxyl groups engaged in lactone formation are on the 
same side of the ring and that the remaining hydroxyl groups must be tram- 
to one another if an optically active lactone is to be produced. The con- 
figuration of the hydroxyl groups and position of the double bond was deter- 
mined by converting methyl shikimate into its acetone derivative (XXVIII), 
the acetyl derivative of which on permanganate oxidation gave the dihydroxy- 
compound (XXIX). This material on further oxidation, first with periodic 
acid and then with bromine in acetic acid, yielded the aldehydo-acid (XXX), 
converted by reduction into the known c?- 2 -deoxygluconic acid (XXXI) thus 

H. Kiliani and C. Scheibler, J5er., 1889, 22, 517. 

** P. A. Levene and T. Mori, J. Biol. Chem.y 1929, 83, 803; T. Posternak, Helv. 
Ckim. Acta, 1932, 15 , 949. 

2 ®“ E. von Lippman, Ber., 1901, 34 , 1169, 

M. Kubler, Arch. Pharm., 1908, 246, 623, 645. 

28 Naturwiss., 1939, 27, 756. 

22 Helv. Chim. Acta, 1934, 17 , 1200; 1935, 18 , 1204, 1206; 1937, 20 , 705. 

22« K. Freudenberg, H. Meisenheimer, J. T. Lane, and E. Plankonhorn, Annalen, 
1940, 543 , 162. 
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giving the exact stereochemical configuration of the hydroxyl groups in the 
molecule and proving shikimic acid to be (XXIV). 
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The hydrated form of (XXIV) is quinic acid (XXXII) which has been 
investigated by the same authors and by P. Karrer, R. Widmer, and 
P. Riso.^®<* Quinic acid occurs in cinchona bark, coffee beans, etc. ; it forms 
part of the molecule of chlorogenic acid (XXXIII). The major part of the 
structure of quinic acid is proved by the conversion of its derivative, 3-acetyl 
4 : 5-methylene quinic acid amide (XXXIV) into the nitrile of 3-acetyl 
4 ; 5-methylene shikimic acid (XXXV). The acetone derivative of quinic 
acid amide (XXXVI) on oxidation with periodic acid yields one mol. of 
formic acid and a product wliich, on hydrolysis after bromine oxidation, gives 
citric acid. It follows, therefore, that the hydi’oxyl group, which is removed 
in the conversion of the quinic acid derivative (XXXIV) into a derivative of 
shikimic acid (XXXV), is attached to the same carbon atom as the carboxyl 
group. This carboxyl group is on the same side of the ring as the hydroxyl 
grouping on since quinic acid will form a furanolactone while quinic 
acid 5-methyl ether will not. 

T. Posternak has proved that mytilitol, a cyolitol which occurs in the 
mussel, is (XXXVII) since it can be synthesised, together with ^^omytilitol 
(XXX Vila), by the action of methylmagnesium iodide on the penta-acetyl 
derivative of the keto-inositol (V).^^» 

me^olnositol has been synthesised by H. Wieland and R. S. Wishart 

Helv. Chim, Acta., 1934, 17, 1197j Ber„ 1921, 44, 775; 1932, eS, 1009. 

Helv. Chim. Acta, 1926, 8 . 195. Her., 1932, 55, 1037. 

Helv. Chim. Acta, 1944, 27, 457. ^ 1914 ^ 47 ^ 2082. 
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by hydrogenation of hexahydroxy benzene. Other attempts to synthesise 
inositol have resulted in the formation of derivatives isomeric with betitol. 
F, Micheel synthesised ^ (XXXVIII) by the action of silver on the 1 : 6- 
di-iodo dimethylene mannitol (XXXIX). Y. Hamamura used a similar 
method to prepare the same product. Attempts to prepare inositol froju 
2:3:4: 5- tetra- acetyl mucyl dialdchyde and from 2:3:4: 5-tetra-acetyl 
mucyl di chloride were unsuccessful. 
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Hexomethyloses and the Deoxyhexornethyloses. 

During the last few years considerable effort has been devoted to problems 
connected with the determination of the structures of the less common sugars 
which are found in the cardiac glycosides. These sugars are digitalose, digit- 
oTOse, oleandrose, cymarose, and sarmentose.^® 

Digitalose (XL) was first obtained as a syrup from Digitalinum verum 

Annalen, 1932, 496 , 77. 

Proc. Imp. Acad. Tokyo, 1934, 10 , 469. 

** F. K6gl and M. Uenzelmann, Dise. Uenzelmann, Gdttingen, 1931. 

O. Diels and F. Loflund, Ber., 1914, 47 , 2361, 2827 ; J. Muller, ibid., p. 2664. 

W. E. Bouman, Pharm. Tijds, Nederl. Indie, 1941, 18 , 39 — 177. 



174 


OEGANIC CHEMISTRY. 


by H. Kiliani,^® who isolated from it a crystalline osazonc and a crystalline 
lactone, The lactone (XLI) on oxidation with silver oxide gave 

acetic acid, whilst nitric acid oxidation yielded a dihydroxymethoxygliitaric 
acid (XLII). These observations indicated that digitalose was a methoxy- 
derivative of a hexomethylose (XLIII).^® The configuration of (XLII) was 
proved by the observation of O. T. Schmidt and H. Zeiser that on complete 
methylation it gave L«m 6 otrimethoxyglutaric acid. Since digitalose yields 
an osazone without loss of methoxyl it possesses a hydroxyl group on Cg. 
The rate of mutarotation of (XLI) indicates that it is a furano-lactone, and 
the sugar (XL) therefore possesses a hydroxyl grouj) on C 4 whilst the isolation 
of the monomethyl Z-am 6 otrihydroxyglutaric acid (XLII) after oxidation of 
(XL) with nitric acid, shows that the hydroxyl group on is unsubstituted. 
The exact structure of digitalose was proved in 1943 by O. T. Schmidt, W. 
Mayer, and A. Distelmair,^^ converted methyldigitaloside into its fully 
methylated glycoside which on hydrolysis gave 2:3: 4-trimethyl cZ-fucose 
((i-galactomethylose). The isolation of this substance proves that the con- 
figuration of the hydroxyl groups is that of c^-galactose (XLIV). Digitalose 
is therefore 3-methyl cZ-fucose (XL). 
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H. Kiliani, Ber., 1898, 31, 2454. 

«« Idtm, ibid,, 1906, 88, 3621 ; 1922, 66, 92 ; 1931, 64, 2027. 
Ber„ 1934, 67, 2127. 

** Naturwisa,, 1943, 81, 247 ; Annalen, 1943, 566, 26. 
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The sugar was synthesised by F. Rcber and T. Rcichstein,^^ who converted 
methyl-d-galactoside (XLV) into its 4 : 6-benzylidene derivative (XLVl) and 
thence into its 2-_p-toluenesulphonato (XLVII). Methylation of this with 
silver oxide and methyl iodide gave the corresponding 3 -methyl derivative, 
which was converted into 4 : 6-benzylidene 3 -methyl methyl-d-galactoside 
(XLVIII) after removal of the ^-toluenesulphonyl group with sodium amal- 
gam. This on hydrogenation with Raney nickel as catalyst gave 3-methyl 
methyl-d-galactoside (XLIX) which was converted into the digitalopyranoside 
(LI) by way of 6-triphenylmethyl methyl-d-galactopyranoside, 2 : 4-diacetyl 
3-methyl methyl-d-galactopyranoside, and 6-iodo 2 : 4-diacetyl 3-methyl 
methyl-c?-fucopyranosidc (L). The identity of the synthetic digitalose 
(XL) was confirmed by converting it into the well- characterised crystalline 
lactone (XLI). 
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Digitoxose (LII), CgHj 204 , is a component of the glycosides digitoxin, 
gitoxin, and digoxin, from which it can be obtained after hydrolysis by dilute 
acid. It was first isolated in 1896 by H. Kiliani,^ who observed that it did 
not form an osazone — though an aldehyde group was present since it would 
react with hydrogen cyanide — and that after oxidation it yielded digitoxonic 
acid (LIII) which contained the same number of carbon atoms. Oxidation 
of the sugar with silver oxide gave acetic acid, whilst oxidation with nitric 
acid produced mesotartaric acid (LIV) and 1 : 2- dihydroxy glutaric acid (LV). 
These observations indicate that digitoxose is a 2 : 6-dideoxyhexose and that 
the configuration of the hydroxyl groups is either that of ribose or arabinosc. 
A decision between these two possibilities was made from an examination of 
digitoxal (LVI), which had been prepared by heating the sterol derivative, 
digitoxin.^^ This compound (LVI), which is an unsaturated derivative of 
the glucal type, yields oh ozonisation a pento-methylose (LVII) identified as 
d-ribomethylose.*® Digitoxose is, therefore, a derivative of d-allose (or 


Helv, Chim, Acta, 1946, 29 , 343. 

** H, Kiliani, Arch. Pharm., 1896, 234 , 438; Ber., 1913, 46 , 667. 
A. Windaus and G. Stein, Bet., 1928, 61 , 2436. 

F. Micheel, Ber., 1930, 68, 347. 
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d-altrose). This was confirmed by its S 3 mthesi 8 from d-allomethylose 
(LVIII)*’' (ol)tained from Z-rhamnose by the method of P. A. Lovene and 
J. Compton).*® The sugar was converted into acetobromo-cZ-allomethylose, 
and then into digitoxal diacetatc which on hydrolysis with N-sulphuric 
acid gave (LII). Digitoxose has been characterised as its benziminazole 
derivative.** 
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From a number of cardiac glycosides the sugar, cymarose (LIX), 
can be isolated after acid hydrolysis. A. Windaus and L. Hermanns,^® who 
first prepared cymarose in the crystalline state, showed that on oxidation 
with silver oxide it gave acetic acid and that with phenylhydrazine it gave a 
phenylhydrazone but no phenylosazone. These observations, and the fact 
that the sugar gave the colour reactions of digitoxose, led them to suggest 
that cymarose was a methyl ether of digitoxose (LII). Cymarose on oxid- 
ation with nitric acid gives a hydroxymethoxyglutaric acid (LX) which will 
form a furano-lactone (LXI) ; it is inferred then that there is a hydjroxyl 
group adjacent to one of the carboxyl groups in (LX).®i The proof, of the 
configuration of the hydroxyl and the methoxyl groups in cymarose is furn- 
ished by the observation that the fully methylated derivative of digitoxose 
is identical with that of cymarose. Final proof of the structure of cymarose 
has been given by its synthesis from 3-methyl 2-deoxy-a-methyl-d^-allo- 
pyranoside (LXII).^^’ This comj)ound was prepared by a novel route from 
i : 6-benzylidene 2 : 3-anhydromethyl-d^-alloside (LXllI) which was con- 
verted into the 2-methylthio-derivativo of 4 : 6-benzylidenc a-methyl-ci- 
Mtropyranoside (LXIV) by reaction with sodium thiomethoxide. By 
boiling the corresponding 3-methyl ether with Raney nickel, sulphur and 

B. Iselin and T. Reiohstein, Helv. Chim. AoUiy 1944, 27, 1203. 

J, Biol. Chem.y 1936, 116, 176. 
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benzaldehyde were eliminated and 3-methyr2-deoxy-a-methyl-f^ 

allopyranoside resulted. This was then converted into (LJX) by way of the 
6-p-toluenesulphonate of (LXIl) and the 6-iodo-derivative of (LIX). , 
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Oleandrose C^H^^O^ (LXV) was isolated in the crystalline form by W. 
Neumann from the glycoside olcandrin, whicli is present in the leaves of the 
oleander {Nerium oleander), Oleandrose show's a positive Keller-Kiliani 
reaction, forms a iDhenylliydrazone and not a phenylosazone, and is an alde- 
hyde since on oxidation it yields an acid containing the same number of 
carbon atoms. It contains one methoxyl group, and on oxidation yields 
acetic acid and ^( + )-methoxysuccinic acid; it is therefore a moiiomethyl 
dideoxyhexose. The optical isomer of Loleandrose, namely, 3-methyl 
2-deoxy-c?-quinovose (LXVI), has been synthesised and its structure proved 
in the following maimer. 3-Mcthyl 1 : 2-iiSopropylidenc d-glucose (LXVIT) 
was converted into the 5 : 6-anhydro-derivative (LXVIII) by aU^aline hydro- 
lysis of the 6-^-toluenesulphonate of (LXVII). The anhydro-ring was 
opened by catalytic reduction at 100 atmospheres’ pressure, and the resultant 
quinovose derivative (LXIX) hydrolysed to 3-methyl quinovose which was 
converted through its acetobromo-dcrivative into 3-methyl d-quinoval 
(LXX), hydrolysis of which with N-sulphuric acid yielded d-oleandrose 
(LXVI), the optical isomer of the naturally occurring com])ound (LXV). 
d-Oleandrose is not identical with the naturally occurring diginose, which 
appears to be the 3-methyl ether either of a derivative of 2-deoxy-d-fucose 
or of 2-deoxy-LguJomethylose.^'^‘?’ The structure of sarmentose is 
unknown. 
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The synthesis of Z-idomethylose from 4 : 6-benzylidene methylgalactoside 
and from 1 : 2-i50propylidene c^-glucofuranose,^® and of 2-deoxy-Z-fucose,®®« 
2-deoxy-d-allose,^®^ and 2-deoxy-Z-rhammose has also been reported. 
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The configuration of the hydroxyl groups in three of the sugars (digitalose, 
digitoxose, and cymarose) is unusual in that they are derivatives of c^-fucose 
and rf-allose (or d-altrose), sugars which occur but rarely in nature. c^-Fucose 
has been detected in the glycosides convolvulin and jalopin only, whilst 
the rf-allose configuration is present in sedoheptulose and volemitol which 
occur in plants of the family Crassulacece. 

2 -Deoxy sorbitol (LXXI) has been isolated from the mixture of products 
produced on electro-reduction of ^Z-glucose; cZ-rhamnitol (LXXII), 
^-gulomethylitol, alhtol, a branched chain pentitol, and 2-deoxyallito]( ?) were 
also detected. These results are in harmony with an enolic mechanism of 
sugar intercon version under reducing conditions. In a further publication 
the isolation of small amounts of (^Z-sorbitol from the electrolytic reduction 
of d-glucose was announced. This formation of Z-sorbitol requires the in- 
version of the hydroxyl groups on Cg and of the d-glucose molecule. The 
unusual sugar 3-deoxy-d-glucose (allose) (LXXIII) has been prepared by 
D. A. Prins by ring scission of 4 : 6-benzylidene 2 : 3-anhydro-methyl-d- 
allopyranoside with hydrogen and Raney nickel under pressure. 3-Deoxy- 
(Z-mannose has also been prepared,®^ 

The Chromatographic Separation of Carbohydrates and Related 

Compounds. 

Since the discovery by W. S. Reich ^ that a mixture of the ^-phenylazo- 
benzoates of c^-fructose and d-glucose yielded two visible bands on a chromato- 
gram developed on silica gel or alumina, the use of this technique has been 
extended. It has been utilised, for example, by G. H. Coleman and others 
in the separation of pentose and hexose sugars and of mono- and di-saccharides 
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B. Iselin and T. Reichstein, ibid., 1944, 27, 1200. 
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B. Iselin and T. Reichstein, ibid., 1944, 27, 1146. 

E. Votodek, Ber., 1904, 87, 3861, 4615. 

E. Votodek and J. Kastner, JS. Zuck. Ind. Bbhm., 1907, 81, 307. 
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on magnesite, dicalite, or silica gel. In a similar nmniier the same workers 
have separated the products resulting on methanolysis of heptamethyl 
methyl -cellobioside, -maltoside, -gentiobioside, and -melibioside.®^ The 
method of W. S. Reich has the advantage that the separation of the sugar 
derivatives can be followed visually, but it suffers from the disadvantage 
that the yields of jt>-phenylazobenzoyl derivative are not quantitative and 
that mixtures of isomers may be produced. 

M. L. Wolfrom and his co-workers in a series of publications describe 
methods for the separation of sugars and sugar alcohols and of their acetyl 
derivatives on columns of Magnesol ’’ and “ Celite The brush or streak 
technique, as practised by Zechmeister,®^ was employed to observe the separ- 
ation, the indicator used being either alkaline potassium permanganate, 2 : 6- 
dichlorophenol-indophenol, or acid-base indicators. The separation of 
acetylated derivatives of the sugars was unsatisfactory in that considerable 
losses may occur in the preparation of the acetyl derivatives and quantit- 
ative recovery of the sugars is then not possible. The separation of the sugars 
and of the sugar alcohols was achieved by chromatography on “ Silene 
E.F.” plus synthetic hydrated calcium acid silicate using 90% dioxan or 
90% ethanol as solvent and aqueous i^oj)ro})anol as develojjer. The yields 
of sugars isolated varied from 78 to 90%. A useful table showing the relative 
strength of adsorption of various sugars and alcohols under these conditions 
is given by the authors.®® 

The purification of sugars and their derivatives by chromatography has 
been employed by several groups of workers. W. W. Binkley and M. L. 
Wolfrom use the methods they have developed to prove that the con- 
densation of 1:3:4: 6-tetra-acetyl d-fructofuranose and 2:3:4: 6-tetra- 
acetyl d-glucopyranose with phosphoric oxide yields an ^.90sucrose deriv- 
ative ; no trace of sucrose octa-acetate could be detected, thus confirming 
the earlier work of (Sir) J. C. Irvine and E. T. Stiller. The separation of 
synthetic octa- acetyl cellobiose prepared by the condensation of aceto- 
bromoglucose with the sodium derivative of 1 : 2 : 3 : 6-tetra-acetyl glucose, 
and of octa-acetyl gentiobiose prepared from acetobromoglucose and the 
sodium derivative of 1 : 2 : 3 : 4-tetra-acetyl glucose, from impurities was also 
achieved by chromatography, in this case on silica gel,’^^ n Bullinger 
and D. A. Prins used chromatography to isolate a pure specimen 
of 4 : 6-hexahydrobenzylidene 3-deoxy-a-methyl-d-glueoside. The method 

J. Amer. Chem. Soc., 1942, 84 , 1501; 1943, ' 65 . 1588; 1945, 67 , 381; of, 
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used by A. H. Gordon, A. J. P. Martin, and R. L. M, Synge for the separ- 
ation of amino-acids on moist filter paper by allowing a suitable solvent, which 
has previously been saturated with water, to flow over the paper in a closed 
container, has been used for the qualitative separation and identification of 
sugars on the micro-scale.’^ Ammoniacal silver nitrate, reduced by the 
sugars to silver, was used to reveal their position on the chromatograms. 

The quantitative sejjaration of the methyl ethers of the sugars has been 
investigated. D. J. Bell used silica gel to separate practically quantit- 
atively as little as 50 mg. of tetramethyl d-glucose from as much as 10 g. of 
2:3: 6-trimethyl d-glucose. Separation is achieved by developing with 
chloroform or with n- butanol and chloroform if dimethyl glucose is to be 
separated from 2:3: 6-trimothyl d-glucose ; the separation is followed by 
testing portions of the column for the presence of sugars by the Molisch 
reaction. The procedure is analogous to that used for the separation of 
acetamido-acids.” The second method of separation is dependent upon the 
observation that the methylated sugars fluoresce in ultra-violet light.’® The 
mixture of methylated sugars is dissolved in benzene and the solution passed 
through a column of activated alumina (non-fluorescent). Benzene is passed 
down the column and the development of the chromatogram observed in 
ultra-violet light. The recovery of material is 95 — 105% on quantities as 
small as 20 mg. J. K. N. Jones dissolved the sugar glycosides in light 
petroleum and passed the solution down a column of activated alumina. 
Tetramethyl methyl-d-glucosides, which have the lowest adsorptive strength, 
were separated by washing them through the column with light petroleum. 
The progress of the elution was followed by testing the eluate for sugars by 
the Molisch reaction and by evaporating portions of the solvent and weighing 
the residue. The efficiency of the separation was determined from the refrac- 
tive index and methoxyl content of the residual syrup. The recovery of 
tetramethyl mcthylglucoside was 94% on weights of 150 mg. 

A partial separation of trimethyl methyl-Z-arabofuranoside could be 
effected from a mixture of this sugar and 2:3: 4-trimethyl methyl-d-xyloside. 
The fractionation of a methylated polysaccharide by cliromatography on 
alumina was also achieved. 

Oxidation of cc-Glycol Groups, 

(Continued from Annual Reports, 1943, 40 , 115.) 

Lead tetra-acetate and periodic acid, reagents diagnostic for the a-glycol 
group, continue to be used extensively in the determination of the structure of 
sugars and their derivatives. It has been suggested that lead tetra-acetate 
causes the splitting of a-glycols because of formation of free acetate radicals 

Biochem. J., 1943, 37, Proc. XIII; 1944, 88, 224. 

S. M. Partridge, Nature, 1946, 168, 270. ’« D. J. Bell, J., 1944, 473. 
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which dehydrogenate the alcohol grouping.*® R. C. Hockett, in a series of 
papers, has examined the reaction between lead tetra-acetate and a large 
number of sugar derivatives. The following rules are postulated ; (a) load 
tetra-acetate will oxidise a vicinal triol with consumption of 2 mols. of reagent 
and formation of one mol. of formic acid ; the acid may then undergo oxid- 
ation with the reduction of further quantities of lead tetra-acetate. (6) cis- 
Hydroxyl groups are more rapidly oxidised than imws-hydroxyl groups, 
(c) a-Hydroxy-aldehydes are attacked but slowly unless furano- or pyrano- 
ring formation is possible owing to the presence of a suitably placed 
hydroxyl group ; oxidation is then much more rapid because of the formation of 
a hemiacetal which simulates an ap-glycol. Using these rules the structures 
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of the di- and tri-benzoates of d^-sorbitol (LXIV) and cZ-mannitol (LXV) were 
proved. Styracitol was similarly shown to be 1 : 5-anhydro-d-mannitol. 
Methyl- a-(^-mannofuranoside reacts rapidly with lead tetra-acetate, con- 
suming one mol. of the reagent. No formaldehyde is detectable at this 
stage, proving that it is the two cis-hydroxyl groups that are oxidised. 
Further consumption of the oxidant proceeds much more slowly owing to 
hemiacetal formation between the primary alcohol grouping on Cg and the 
aldehyde residue on C3. The hydroxyl groups attached to the ring in 
a-ethyl-(^-galactofuranoside (LXVI) are Irans- and are therefore not attacked 
more rapidly than the exocyclic hydroxyl groups. Two mols. of lead tetra- 
acetate are consumed in this oxidation with production of formaldehyde. 
Oxidation of hexofuranosides with periodic acid or its salts proceeds in a 
similar manner. This reaction, however, is complicated by further oxidation 
of the trialdehyde (LX VII ).®^ It has been shown that the periodate ion will 
oxidise hydrogen to hydroxyl when it is attached to a carbon atom situated 
between two carbonyl groups (LXVIII); the product may then undergo 
further oxidation. This observation explains why substances of the malonic 
acid type are oxidised by the periodate ion and why derivatives of the hexo- 
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furanosides, methyl-d-galacturonoside and bornyl-d-glucuronoside consume 
more than the expected two mols. of periodate.®^' 

The products formed on reaction of the periodate ion with sugars are de- 
pendent upon the pH and temperature of the solution. If the temperature 
is raised and the pH becomes more alkaline than 5, quantities of carbon di- 
oxide and formic acid may be produced.®® At a lower pH and temperature 
formic acid and formaldehyde are the sole detectable products after oxidation 
of aldoses, but ketoses may undergo oxidation with the production of up to 
0-8 mol. of carbon dioxide.®^ Sucrose has been shown to behave in the normal 
manner on oxidation with periodic acid with formation of the expected 
tetra-aldehyde, which can be oxidised to a tetracarboxylic acid.®® This acid 
on hydrolysis yields glyceric, glyoxylic, and hydroxypyruvic acids. Oxid- 
ation of amygdalin ®® produces the anticipated two mols. of formic acid, thus 
verifying the presence of a 1 : 6-linkage in the disaccharide part of the mole- 
cule. Hexose diphosphpric acid on oxidation ®'^ yields 2 mols. of formic acid 
and one mol. each of phosphoglycollaldehyde and iihosphoglycoUic aedd.®® 
Melezitose (LXJX) has been oxidised ®® by sodium periodate with consump- 
tion of 4 mols. of periodate and formation of 2 mols. of formic acid and a tetra- 
aldehyde (LXX) which furnishes d-fructose on hydrolysis, thus confirming 
the structure of the trisaccharide. 
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Polyhydric Alcohols. 

(Continued from Annual Reports, 1943, 40 , 119.) 

The reactions of polyhydric alcohols and their derivatives continue to 
interest many workers. 2 : 3-4 : 5-Dmopropylidone xylitol,^ 2 : 4-benzyl- 
idene xylitol, 2 : 4-3 : 5-dimethylene and 2 : 4-methylene xylitol,®^ and 
1 : 3-2 : 4-dimethylene and 2 : 4-methylene adonitol have been isolated 
and their structures proved. W. T. Haskins and others®^ have prepared 
1:3-2: 5-dimethylene (LXXI) and 2 : 5-methylene Z-rhamnitol, and have 
confirmed these structures by degradative and synthetical reactions. R. M. 
Hann and C. S. Hudson suggest that formation of benzylidene and methylene 
derivatives is favoured by the presence of secondary alcohol groups in 
the p-position and cis- to one another, or in the y-position and trans- to one 
another, and by the presence of a primary and secondary alcohol group in the 
p-position to one another. These rules are subject to uncertainties due to 
equilibria and differing solubilities (cf. 1 : 3-2 : 4-5 : 6-trimethylene sorbitol). 
In the hexitol series dimethylcne Z-iditol has been identified as the 2 : 4- 
3 : 5 -derivative,®^ and the structure of triZ^opropylidene cZ-mannitol has been 
shown to be (LXXIl).®® This compound on graded hydrolysis yields 3 : 4- 
i^opropylidene mannitol or 1 : 2-3 : 4-du5opropylidene mannitol (LXXIII). 
The latter is converted into diZ^opropylidcne aZcZe%do-cZ-arabinose (LXXIV) 
on oxidation with lead tetra- acetate, and cZ-mannitol thus becomes a con- 
veient source for the preparation of cZ-arabinose. 

Anhydro-derivatives of many of the sugar alcohols have been prepared 
and their constitution proved. Dehydration of xylitol in the presence of 
an acid catalyst yields anhydroxylitol, which possesses a five-membered 
ring since it is oxidised with consumption of one mol. of periodic acid without 
the formation of formaldehyde or formic acid. Sorbitol and mannitol on 
dehydration each yield anhydro-derivatives which possess six- or five- 
membered rings. Dehydration of sorbitol yields polygalitol (1 : 5-ring) 
(LXXV) and arlitan (1 : 4-ring) (LXXVI) ; the structure of the latter follows 
from a study of its oxidation with lead tetra-acetate which yields formalde- 
hyde, and by the synthesis of its tetramethyl ether from the dehydration of 
2:3:5: 6-tetramethyl sorbitol.®® Walden inversion does not occur during 
this ring formation since the tetramethyl ether of (LXXVI) has not the pro- 
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W. Freudcftiberg, J. Amer. Chem. Soc., 1946, 68, 919. 



184 


ORGANIC CHEMISTRY, 


perties of the corresponding dulcitol derivative (LXXVII), the synthesis of 
which has been described.®® 

Dehydration of mannitol yields a mixture of products from which 
styracitol (1 : 5-ring) (LXXVIII), 1 : 4-anhydromannitol (LXXIX), and 2 : 5- 
anhydrosorbitol (LXXX) were isolated. This last compound must have been 
produced by a Walden inversion of the hydroxyl group on Cg of the 
mannitol molecule. i^oMannide (LXXXI), a 1 : 4-3 : 6-dianhydride of 
mannitol, is also produced during the dehydration of mannitol. The struc- 
ture of this substance has been proved by L. F. Wiggins ^ and by R. C. Hock- 
kett and E. L. Sheffield, who also prepared an isomeric weomannide (a 
1 : 5-3 : 6-cbanhydride derivative) (LXXXII) by dehydration of styracitol ^ 
(LXXVIII). neoMamiide docs not react with lead tetra-acetate and there- 
fore contains no contiguous hydroxyl groups. Sorbitol similarly forms a 
1 : 4-3 : 6-dianhydro-derivativc, is‘osorbide (LXXXIIII, B — H). The 
corresponding dimethyl ether (LXXXIII, R = Me) was synthesised by R. 
Montgomery and L. F. Wiggins ^ from 2 : 5-dimethyl 3 : 6 -an hydrosorbitol 
(LXXXIV), prepared by the reduction of 2 : 5-dimethyl 3 : 6-anhydroglucose. 
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The action of alkali on the 1-^-toluenesulphonyl 4-acetyl derivative of 
(LXXXIV) yielded a product (LXXXIII, R = Me) identical with that 


R. C. Honkett, M. Conley, M. Yusem, and R. I. Mason, J. Amer. Chem. Soe., 1946, 
68, 922. 
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S. Soltzborg, ibid., p. 930 ; R. C. Hockett, M. Ziof, and R. M. Goepp, jnr., ibid., p. 935. 
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obtained on methylation of wosorbide. Both t<sosorbide and ^5omannide on 
dehydrogenation followed by hydrogenation yield l4soidide (LXXXV) by 
epimerisation at C5 and at Cg and C5 respectively. d-Iditol on dehydration 
yields the optical isomer, d-?/«soidide, which has been synthesised from 
cZ-mannitol by the elimination of the p-toluenesulphonyl grouping from the 
3 : 4-di-p-toluenesulphonate with accompanying Walden inversion of the 
hydroxyl groups on C3 and C4. L. F. Wiggins describes the preparation 
of 5 : 6-anhydromannitol and 5 : 6-anhydrosorbitoL^^ These substances are 
]^rcparcd by the removal with alkali of p-toluenesulphonic acid residues from 
5-acetyl 1 : 2-3 : 4-dii5opropylidene mannitol 6-p-toluenesulphonate and from 
1 : 3-2 : 4-diethylidene sorbitol similarly substituted on C5 and Cg, followed 
by hydrolysis of the protecting acetone and acetaldehyde groupings. Deriv- 
atives of 1 : 2-5 : 6-dianhydromannitol (LXXXVI), an isomer of i^omannide, 
have been prepared from 1 : 6-dichloro 3 : 4-u‘ojjropylidene and 1 : 6-di- 
iodo 3 : 4-ethylidene mannitol. With methyl- alcoholic ammonia these sub- 
stances give derivatives of 1 ; 6-diamino mannitol which can be converted 
into resins by heating witli phthalic acid. 
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Sugars containing ethylene oxide rings are widely used in the preparation 
of derivatives of the carbohydrates. J. Honeyman ® has shown that 
harabinose can be converted into hxylose by way of isopropylidenc p-methyl-Z- 
arabinoside and its 2-p-toluoncsulphonate (LXXXVII), and thence by re- 
moval of the p-toluencsulphonyl residue with sodium methoxide into 2 : 3- 
anhydro-|3-methyl-Z-riboside (LXXXVIII). This is the first time that this 
type of reaction has been applied to the pentose sugars. In a similar manner, 
2-p-toluenesulphonyl methyl-d-galactoside has been converted, by the inver- 
sion of the hydroxyl groups on Cj and Cg, into derivatives of d-idose.'^’ * 

Just as the configuration of the amino-group in d-glucosamine (LXXXIX) 
was related to d-glucose by the opening of an anhydro-ring with accompanying 


'•J., 1946, 384, 388. 

Vargha and T. PuskAs, Ber., 1943, 76, 859. 

® J., 1946, 990. ’ L. F. Wiggins, ibid., 1944, 522. 

* E. Sorkin and T. Reichstein, Jffelv. Chim. Acta, 1945, 28, 1. 
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Walden inversion,® so the configuration of the amino-group in chondrosamine 
(XC) has been proved to be that of the corresponding hydroxyl group in 
galactose by a similar procedure. In this proof of the configuration of 
chondrosamine, 3 ; 4-zA’opropylidene 1 : O-anhydro-d-galactose (XCI) was 
converted into the 2-methanesulphonyl derivative, which on mild acid 
hydrolysis gave 2-methanesulphonyl 1 : G-anhydro-d-galactosc (XCII), con- 
verted by reaction with sodium methoxide and with an accompanying Walden 
inversion into 2:3-1 : 6-dianhydro-fi-d-talose (XCIII). This compound 
with ammonia yielded, again with Walden inversion, a mixture of 3-amino 
1 : 6-anhydro-fi-d-idose (XCTV) and 2-amino 1 : 6-anhydro-p-d-galactose 
(XCV). The latter substance on hydrolysis yielded chondrosamine identical 
with the naturally occurring product,^ derivatives of which have been 
dcscribed.^^ iV^-Methyl-Z-glucosamine has been isolated from the hydrolysis 
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group from an amino-sugar by deamination with nitrous acid results in 
the formation of an anhydro-ring with accompanying Walden inversion.^® 
This type of reaction is encountered when nitrous acid reacts with 
deacetylated chitin.^’^ Anhydro-rings are also formed, with accompanying 
Walden inversion, when sugar nitrates are submitted to alkaline hydrolysis, 
according to E. K. Gladding and C. B. Purves.^® B. Helferich and his co- 
workers have shown, in a series of papers, that methanesulphonyl chloride 
will react with sugar derivatives with formation of well-defined crystalline 
products. The methanesulphonates behave like the ^-toluenesulphonyl 
derivatives towards alkaline reagents and towards sodium iodide."^ E. G. V. 
Percival and B. B. Duff^^ have shown that removal of a sulphuric acid 
residue from a sulphate ester of a sugar may result in the formation of a 
product containing an anhydro-ring. Since sugar derivatives containing 
sulphuric acid residues are known to oc*cur in nature, a })ossible mechanism of 
inter con version in the sugar series becomes available. 

It is of interest to note that the dilactone derived from r/M/imsaccharic 
acid (XCVI) has the 1 : 4-3 : 6-ring structure present in womannide and 

t5osorbide and in saccharodilactonc ‘^2. 23 (XCVIl). Both these dilactones 

and the corresponding monolactones possess very interesting reactions owing 
to their ability to form enolic compounds (XCVIII) (XCIX ; R — H) with 
structures possessing some of the properties of ascorbic acid (cf. etliyl hydro- 
gen mucate) Glucurone (C), the lactone of c?-glucuronic acid, also 
possesses the 1 : 4-3 : 6-ring structure, since methylation yields 2 : 5-di- 
methyl glucurone identified after further methylation followed by oxidation 
as 2 : 3 : 5-trimethyl d-saccliaric acid. Under carefully controlled conditions 
it may be converted in part into 2 : 5-dimethyl A'‘-^/?/,cosaccharo-3 : 6- 
lactone^s (XCIX; R — Me). Tetra-acetyl glucosone hydrate (I) has been 
converted into kojic acid (II). The syntheses of glucuronic, mannuronic, 
and galacturonic acids and of their derivatives have also been described. 

It is well known that the melting points of the sugar osazones are unsatis- 
factory as a means of characterisation. R. M. Hami and C. S. Hudson ^9 

L. K. Wiggins, Nature, 1946, 167 , 300. 

H. Wehrli, 1937, Thesis, p. 974, Geneva. 

1® J. Aimr. Chem. Soc., 1944, 66 , 76; ef. J. Dewar, G. Fori, and N. McArthur, J., 
1944, 499. 
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and F. von Stryk, ibid,, 1941, 74 , 1794. 
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32 F. Smith, J., 1944, 510, 571, 633, 637. 

3® W. N. Haworth and W. G. M. Jones, J., 1944, 65. 

2 a« Y. Ferraboschi, J., 1909, 96, 1248. 34 y. Smith, J., 1944, 584. 

3® H. Kiliani, Ber., 1943, 76 , 540. 36 jyj Stacey and L. M. Turton, J., 1946, 661. 

37 F. Smith, M. Stacey, and P. I. Wilson, J., 1945, 131 ; M. Stacey and P. I. Wilson 
ibid., p. 587. 

3® H. S. Isbell and H. L. Fnish, J. Res. Nat. Bur. Stand., 1944, 32, 77. 

*3 J. Amer. Chem. Soc., 1944, 66 , 735; 1945, 67 , 939; 1946, 68 , 1766. 



188 


OBGANTO CHEMISTRY. 


have found that osazones are converted into well-characterised crystalline 
triazole derivatives on oxidation with copper sulphate solution. The struc- 
ture of the product (III) from glucosazone was confirmed by oxidation with 
sodium periodate which yielded two mols. of formic acid, formaldehyde, 
and 4-formyl-2-phenylosatriazole (IV). G. Neumiiller has investigated the 
1-phenylflavazolc (V) derivatives of H. Ohle with the object of using them 
to determine the constitution of the oligosaccharides. These substances are 
prepared by heating the sugar with a mixture of o-phenylenediamine and 
phenylhydrazinc. The phenylhydrazine acts as an oxidising agent as weU 
as forming part of the flavazole molecule. 

a-c^-Acetochloroglucose (VI) reacts with benzene in the presence of alumin- 
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ium chloride to yield first tetra-acetyl d-gliicopyranosyl benzene (VII) and 
then the penta-acetyl derivative of 1 : 1 -diphenyl 1 -deoxysorbitol (VIII) 
which may also be obtained by the action of phenylrnagnesium bromide 
on acetochloroglucose ; on oxidation it yields benzophenone. The related 
1 : 1 -diphenyl hexitols (IX) derived from d-glucose and d-galactose had been 
prepared by C. Paal and h\ Hornstein and by C. Paal and E. Weidenkaff ^ 
from phenylrnagnesium bromide and tetra-acetyl d-glucono- or d-galactono- 
lactones. It is possible that the reaction between glucose or cellulose and 
benzene in the presence of concentrated sulphuric acid leads to a similar type 
of product.^^ 

Disaccharides and Polysaccharides. 

The synthesis of sucrose by purely chemical means has so far evaded the 
chemist. A notable advance, however, has been made by W. Z. Hassid, 
M. DoudorofF, and H, A. Baker,^® who have prepared it enzymatically by 
condensation of the potassium saltof d-glucose 1 -phosphate and d-fructose with 
the aid of the phosphorylase of the bacterium Pseudomonas saccharophila. 
Replacement of d-fructose by /-sorbose results in the synthesis of a Jiew 
non-reducing disaccharide (X), a-d-glucoj)yranosido-a-/-sorbofuranosi(Je 
which shows many of the rea(5tions of sucrose. Its constitution wais proved 
by the observations that it reacted with three mols. of tieriodic acid with the 
formation of one mol. of formic acid, and that it was rapidly hydrolysed by 
dilute acad, indicating a furanose link between the sugars. This synthesis 
indicates that the d-glucosc linkage is of the a-type. d-X3doketose 
similarly condenses with the potassium salt of d-glucose l-jfiiosphate with 
the formation of a new type of disaccharide (XI) analogous to sucrose, in 
which the d-fructofuranose part of the molecule is replaced by d-ketoxylo- 
furanose. The work of A. Gottschalk is of interest in this connection; 
he has found that at 20^^ an equilibrated solution of fructose in 0-lM-phosphate 
solution contains about one-fifth of the furanose form which is fermentable ; 
the remaining fructopyranose is not feirmentable. The synthesis by purely 
chemical means of pp -trehalose, p-vicianose, and p -prime verose has also 
been reported. 

It has been found that sucrose and maltose behave like the monosacchar- 
ides in that they react with paraldehyde in the presence of an acid catalyst 
with the formation of ethylidene derivatives.'*® 

The oxidative degradation of polysaccharides has been used to obtain 

32 C. D. Hurd and W. A. Bonner, J. Amer. C/iem. Soc., 1945, 67, 1G64, 1759. 

3» Idem, ibid., p. 1972. Ber., 1906, 39, 2823, 2827. 

36 A. M. Natsakoff, J. Russ. Rhys. Chem. Soc., 1902, 34, 231 ; 1912, 44, 1152; Ann. 
Reports, 1912, 9, 99. 

J. Amer. Chem. Soc., 1944, 66, 1416. 

Ibid., 1945, 67, 1394. 38 Ibid., 1946, 68, 1465. 

33* Australian J. Expt. Biol. Med. Sci., 1943, 81, 133. 

3» G. H. Coleman and C. H. McCloskey, J. Amer. Chem. Soc., 1943, 65, 1778. 

3® R, Sutra, Bull. Soc. chim., 1942, 9, 794; cf. K. Hess and W. Granberg, Ber., 
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insight into the structure of the polysaccharides.^^ Inspection reveals that 
any sugar residue which contains two or more hydroxyl groups on adjacent 
carbon atoms will react with the periodate ion. If free hydroxyl groups are 
present on each of three adjacent carbon atoms, two mols. of periodate will 
be consumed and one mol. of formic acid will be produced per mol. of sugar. 
An estimate of the amount of formic acid produced will thus give a measure 
of the number of pyranose sugar residues (XII) linked through or Cj and 
Cg only. This method has been used in the determination of the percentage 
of end groups in glycogen, starch, and amylopectin. The results show that 
these polysaccharides contain, at the most, tracf^s only of glucose residues which 
are linked solely through carbon atoms 1 and 6, since the amount of formic 
acid produced is in close agreement with the figure calculated from the 
amounts of end group isolated after methanolysis of the methylated poly- 
saccharide. The method can be applied to polysaccharides which contain 
linkages other than tlie 1 : 4-liukagc 2)resent in starch and glycogen. V. C. 
Barry and T. Dillon have shown that in a polysaccharide built up 
entirely of 1 : 3-linked ])yranose residues, such as laminarin, oxidation does 
not occur, as the requisite a-glycol system is not present except at the reduc- 
ing and non-reducing end of the mole(mlc. 
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K. Ahlborg has used lead tetra-acetate and periodic acid in attempts to 
distinguish between 1 : 4-, 1 : 6-, and 1 : 1 -linked disaccharides. The method 
was used also to determine the type of linkages and their relative positions 
in dextrins by studying the rate and type of oxidation. 

The oxidation of xylan with periodic acid and its salts under a variety of 
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conditions has been discussed by G. Jayme and M. Satre ^ in a series of publi- 
cations. These workers found that xylan, on graded hydrolysis, yielded 
2*7% of Z-arabinose and that on periodate oxidation, followed by hydrolysis, 
nearly 70% of the theoretical yield of glycer aldehyde was produced. This 
figure was raised to 85^/, on oxidation with a buffered periodate solution. 
Hydrogenation of the oxidised xylan gave, after hydrolysis, a mixture of 
glycerol and ethylene glycol (XIII). Small amounts of xylose which are pro- 
duced on hydrolysis of oxidised xylan may arise, not from incomplete oxidation 
of the polysaccharide as suggested by G. Jayme, but from the xylose residues 
which are involved in branciied chain formation and are substituted on 

Cg, and 04 .^^ These sugar residues do not contain free hydroxyl groups on 
adjacent carbon atoms and would therefore be unaffected by the periodate 
reagent. 

The oxidation of cellulose with buffered periodate solution has been studied 
by G. Jayme and 8 . Maris and found to follow a course very similar to that 
observed for xylan. In agreement with the results of G. F. Davidson it 
was found that no definite halt occurred in the oxidation. The type of oxid- 
ation encountered and the physical changes observed in the cellulose fibres 
varied with the pH of the solution.^® Hydrolysis of the resultant polymeric 
aldehyde yielded glyoxal and d^-erythrose, whilst erythritol was produced on 
hydrolysis of the hydrogenated ])olymeric aldehyde. 

The atmospheric oxidation of a-methyl-d-glucoside in ammoniacal 
cupric solution has been studied; the product (XIV) isolated demonstrates 
that the glucose residue undergoes, under these conditions, an oxidation 
similar to that encountered with periodic acid. It is suggested that this type 
of oxidation is not responsible for loss of viscosity of cellulose solutions 
in the Schweitzer reagent, since glucuronic acid and not (XIV) was the main 
product of oxidation encountered; in support of this theory it was found 
that 6 -trityl cellulose in cupra-ammoiiium solution was not oxidised under 
these conditions. 

Sodium in liquid ammonia degrades methylated cellulose, with loss of 
methoxyl groupings, according to N. N. Schorigina,'''^^ who states that methyl- 
ation in liquid ammonia with sodium and methyl iodide, according to the 
method of I. E. Muskat,^^ is unsatisfactory, and that K. Freudenberg’s 

** Ber., 1942, 75, 1840; 1944, 77, 242, 248; Papier-Fabr. Wochb. Papierfabrik, 
1944, 295. 

R. A. S. Bywater, W. N. Haworth, E. L. Hirst, and S. Peat, J., 1937, 1983. 

Her., 1944, 77, 382. 

J, Textile Inst., 1941, 32, T, 109. 

G. Goldfinger, H. Mark, and S. Siggia, Ind. Eng. Chem., 1943, 35, 1083. 

V. I. Ivanov and K. M. Sokova, Compt. rend. Acad. Sci. U.R.B.S., 1944, 42, 

175. 

V. I. Ivanov and E. D, Kaverzneva, ibid., 1945, 48, 405. 

E. D. Starkheeva-Kavorzneva and V. I. Ivanov, Bull. Acad. Sci. U.R.8.S., 1945 
603; Uspekki Khim., 1944, 13, 281. 
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** J. Amer. Chem. Soc., 1934, 56, 693. 



192 


ORGANIC CHBMISTBY. 


method ^ for the determination of molecular size by end-group assay may 
thus give low yields of tetramethyl methylglu coside. 

Oxidation of cellulose with dinitrogen tetroxide converts the terminal 
alcohol groups into carboxyl grou})s with the resultant production of a poly- 
uronide, which has useful medical ai^plications. The formation of aldehydo- 
and carboxyl groups in the oxidised polysaccharide has been followed by 
studying the condensation of the oxidised polymer with _p-nitroaniline or 
hydrazine derivatives, and from the yields of carbon dioxide produced from 
the uronic acid residues on boiling with acid.^^* 

Amorphous cellulose has been converted, by treatment with water, into 
crystalline cellulose, the degree of conversion being investigated by X-ray 
diffraction patterns, and by comparing the integral heats of wetting and 
sorption isotherms of the original fibres, and dry amorphous and recrystallised 
powders. An evaluation of the percentage of amorphous cellulose in a 
mixture of crystalline and amorphous materia] can be made from a deter- 
mination of the number of hydroxyl groups in the polysaccharide, which react 
with thallous ethoxide dissolved in benzene.^® The figure obtained is not 
affected by the presence of ?i-hydrocarbons but varies as the molecular 
weight of any solvent ether added. An estimate of the amount of crystalline 
material present in a cellulose sample can also be made from a study of the 
velocity of nitration of the polysaccharide with nitric acid- sulphuric acid- 
water mixtures of various compositions, the amorphous material being the 
more easily nitrated. 

Bacterial cellulose from B, Xylinium has been examined ; it appears 
to consist of crystalline fibriles of varymg size and degree of orientation. It 
would appear that the majority of the reactions of cellulose and its deriv- 
atives are micellar,®^ not macromolecular, in character. When, by special 
methods, the micelles are dispersed as rnacromolecules, all the functional 
groups are reactive, whereas normally those in the interior of the micelles do 
not react since they are inaccessible. 

The effect of salts and solvents on the acetyl derivatives of cellulose has 
been investigated. Calcium chloride is observed to increase the viscosity 
of cellulose acetate in methyl ethyl ketone but to be without effect in m-cresoL 
Acetone forms a molecular compound with cellulose acetate consisting of ten 
parts of cellulose acetate and three parts of acetone.®^ It has been found 
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that partly methylated cellulose will niact with oxalyl chloride in chloro- 
form containing dimethyl-p-toluidino ^ with the formation of cross-linkages. 
The formation of gels is dependent upon the concentration of the reagents. 

Glycogens from yeast, mussel muscle,®® Ascaris lumhricoidefi , human 
muscle, and rabbit liver have been investigated and the ratio of terminal 
to non-terminal glucose residues found to be ca. I to 12, exccy^t in rabbit liver 
glycogen, where the figure may approach 1 to 18. These results have been 
obtained by end-group assay, both by the methylation method and from the 
yield of formic acid produced on oxidation of tlie ))olysaccharide with the 
periodate ion. Oxidation of glycogen ®’ with alkaline potassium hyj^o- 
bromite solution results in the formation of maltosidogluconic acid and malto- 
bionic acid. These acids arc also produced when starch is oxidised by the 
same reagent. 

Several methods are now available for separating amylose from starch. 
These are the original techniques of M. Samec,®® M. E. Baldwin,®^ and T. J. 
Sehoch,"^® and imjuoved methods in which thymol,’^ chloral, or nitropara- 
ffins ’2 are used. The reported separation of amylose from starch by adsorp- 
tion on cotton wool has been confirmed.’®® For se])aration to be effected, 
the formation of a complex with a substance possessing an H-donor or 
H-acceptor group is necessary.’^ This successful isolation of pure amylose from 
starch has been fiicilitated by the development of an elegant potentiometric 
titration method which may be used to determine the purity of the isolated 
amylose. It is found that the fatty acids ’® will form complexes with amylose 
and that exhaustive extraction witli a water- dioxan mixture is necessary in 
order to remove completely this material which otherwise interferes with the 
potentiometric iodine titration of amylose. The am 3 dose~-iodine (complex 
has been examined spectroscopically, and by this means it has been found 
possible to differentiate amylose from amylopectin. This difference in 
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colour-absorption cannot bo used to analyse whole starches,’^ unless the 
blue values of the pure amylose and amylopectin fractions of each individual 
starch are known. In this connection, it may be noted that the starch from 
the pea, wrinkle seeded variety, “ Alderman”, may contain as much as 70% 
of amylose (the usual (?ontent of amylose in })ea starch is ca, 20%). K. W. 
Kerr has presented evidence to show that amylose and amylopectin are 
heterogeneous.’^® From an examination of the viscosity data of fractionated 
amylose, he suggests that this part of some starches (particularly tapioca) 
may contain a small number of branch chains. K. Hess and E. Steurer 
also consider that amylose is a branched-chain polysaccharide. K. Meyer,®® 
however, is of the opinion that the amylose molecule is imbranched. The 
difference in properties between amylopectins from various sources, it is sug- 
gested, is not explained by a simple variation in molecular size, but by a 
variation in the degree of branching. 

A detailed study of the enzymic hydrolysis of starch has been undertaken 
by (Sir) W. N. Haworth, S. Peat, and H. Kitchen. The hydrolysis of 
amylose by p-amylase converts it completely into maltose, while amylopectin 
is converted into a mixture of maltose (ca. 46%) and a-amylodextrin (limit 
dextrin).®^ This dextrin, which has an apparent unit chain length of 11 — 12 
glucose residues, is not susceptible to further attack by p-amylase until it 
has been “ sensitised ” by contact with salivary amylase. The action of 
P-amylase then continues until maltose and a dextrin of apy)arent unit chain 
length of 7 — 8 glucose residues is produced. Two further treatments using 
this double procedure yield dextrins of apparent unit chain length of 5 — 6 
and 4 — 5 glucose residues respectively. The mechanism of this amylolysis 
may be explained on the basis of the laminated formula for starch.®^ It is 
now suggested that sensitisation with salivary amylase causes the rupture 
of all polymeric links in the starch-dextrin molecule, with the formation of 
material liable to further attack by p-amylase. K. H. Meyer ®® considers 
starch to be a mixture of linear amylose molecules and of amylopectin of a 
highly ramified structure which is degraded by (3-amylase until a linkage 
other than 1 : 4- prevents further hydrolysis. Yeast maltase (a-glucosidase) 
may then remove this inhibiting glucose residue, after which [3 -amylase con- 
tinues the hj^drolysis of the exposed 1 : 4-linked glucose residues until a 
glucose residue, linked other than through carbon atoms 1 and 4, prevents 
further hydrolysis. K. Myrback ®^ holds similar views; he considers that 
the enzyme degrades all the straight- chain parts of the amylopectin molecule 

R. R. Baldwin, Iowa State Coll. J. Sci., 1943, 18 , 10; R. R. Baldwin, R. S. Bear, 
and R. E. Rundlo, J. Arner. Chem. Soc.y 1944, 66, 111. 
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until they meet an ^.^jonialtose residue, a branch chain, or a 2)hosphoric acid 
substituent. The residual limit doxtrins contain these abnormal linkages 
and all the phosphorus originally present in the starch. The formation 
of dextrins containing six units or rings of six or seven glucose residues 
is explained on the structure of amylopectin in which a glucose residue is 
spatially near to the residue five or six units further along the chain. 
K. Myrback have isolated iwmaltose (an isomer of gentiobiose) from maize 
starch by acid hydrolysis and from a limit dextrin by enzymatic hydrolysis 
with taka-diastase. They conclude that potato starch contains one iso- 
maltose residue for every 15 — 20 maltose residues, and that amylose contains 
one ^tsomaltose residue for every 10 maltose residues. The work of 
F. Brown ei al.^^ is not in agreement with these conclusions. It is known 
that glucose on heating with acid may give a disaccharide of the gentiobose 
type type and that evidence from enzymic degradations is liable to un- 
certainties owing to the possible synthetic as well as degradative actions of 
enzymes.®®* The pyrodextrins from maize starch apj)car to be different 
from the dextrins obtained by the action of p -amylase, since no Schardinger 
dextrins are produced by the action of B, Macerans. The complete enzymic 
hydrolysis of waxy maize starch by the amylase from Aspergillus Oryzee 
yields some Z{/^?;o-glucosan, but whether this is an artefact or part of the 
starch molecule is unknown. 

The preparation of nitro-starch has been achieved without degradation 
of the molecule, by carrying out the nitration under carefully controlled 
anhydrous conditions. Nitrogen pentoxide is the nitrating agent, and nitric 
acid, which is also produced in the reaction, is removed as a hydrogen -bonded 
complex of sodium fluoride. 

The synthesis of a polysaccharide from d-glucose l-])hosphate and potato 
phosphorylase requires the presence of a trace of activator.®^ An examination 
of the relative activity of various polysaccharides and dextrins has shown that 
amylopectin from corn starch has the greatest activity,®^ and it appears that 
not more than six or seven glucose residues in the dextrin are necessary for 
activity to be observed. The cyclic Schardinger dextrins inhibit polysacchar- 
ide formation, but on partial hydrolysis with dilute acids they become 
activators of potato phosphorylase. When, however, the phosphorylase 
systems of the heart or liver are used, glycogen-like materifils and not amylose 
may result. In this case no catalyst is required, and the formation of poly- 
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saccharide is aiitocatalytic. W. 0. Kermack likens this formation of 
glycogen to that of bacterial growth. In some respects it is analogous to 
the growth of a virus in a living organism. 

An advance of the greatest significance in the chemistry of starch has been 
made with the synthesis of amylopectin. E. J. Bourne and S. Peat 
have isolated from potato juice an enzyme (Q-enzyme) which, acting in con- 
junction with purified potato phosphorylase, effects the conversion of d-glucose 
1 -phosphate into amylopectin. The Q-enzyme may hydrolyse amylose with 
the formation of pscudo-amylose, an un branched ])olymer containing 20 
glucose residues linked through carbon atoms 1 and 4, which then undergoes 
lateral combination with the formation of the branched polymer,®^ amylo- 
pectin. This material possesses one end group for each 20 glucose residues, a 
value identical with that obtained for natural amylopectin.***^ 

Chondroitin, a sulphate ester, which occurs in the bovine nasal septa and 
bovine and human tradiea, contains (Z-glucuronic acid and A-acetyl-c?- 
galactosamine, and is a branched chain polymer with the sulphate residue 
attached to the galactosamine moiety.®®. Heparin,®® which is also a sulphate 
ester, contains ri-glucosamine and a (i-glucuronic acid; the amino-group of 
the glucosamine is not free but not acetylated (cf. A-methyl-i-glucosamine in 
streptomycin). 

Polysaccharide sulphuric esters commonly occur in seaweeds, and V. C. 
Barry and T. Dillon ®^ describe a galactan sulphuric ester from Dilsea edulis. 
One sulphuric acid residue is ])resent for every 4 — 5 cZ-galactose residues. 
An estimation of the galactan content before and after oxidation with 
periodic acid shows that one galactose residue in five present in the poly- 
saccharide is oxidised by periodic acid. This would indicate either that one 
galactose residue in five is an end group or that four galactose residues arc 
linked through carbon atoms 1 and 3 and the fifth is linked through carbon 
atoms 1 and 2, 1 and 4, or 1 and 0. Oigartina stellata also contains a galactan 
sulphate ®® tlie properties of which are similar to those of the polysaccharide 
from Dilsea edulis. The methylated polysaccharide on hydrolysis gave 2 : 6- 
dimethyl c^-galactose, while the difficulty enounteredin removing the sulphuric 
acid grouping indicates that it is located at C^. The polysaccharide does not 
react with periodic acid and contains some sugar other than ^^-galactose. 
This may be 2-keto-c?-gluconic acid, which has been isolated by E. G. Young 
and F. A. H. Rice ®® from the polysaccharide, carrageenin, found in Iceland 
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moss. c/-Galacioso is also a component of this polysaccharide, which is a 
sulphuric ester. The identification of 2-keto-d-gluconic acid as a component 
of the polysaccharide is of considerable biochemical interest in view of its 
ready conversion, by loss of carbon dioxide, into d-arabinose, and its relation- 
ship to i«90vitamin C. 

The arabogalactan of the larch has been submitted to a detailed investig- 
ation by E. V. White, who coru^ludes that the polymer is a homogeneous 
substance containing Z-arabinose and 6?-galactose in the molecular proportions 
of 1 to 6. Complete hydrolysis of the fully methylated polysaccharide gave 
2:3:4: 6-tetramethyl tZ-galactose, 2:3: 5-trimethyl ^-arabinose, 2:3:4- 
trimethyl (i-galactost‘, and 2 : 4-dimethyl d-galactose in tlie proportions 
2 : 1 : I : 3. Partial hydrolysis gave, in small yield, two disaccharides 
identified as the hexamethyl galactosidogalactose (XV ; R =— H) and the 
corresponding heptamethyl derivative (XV; R -- Me). Graded hydrolysis 
of the arabogalactan or of its methyl ether caused preferential elimination 
of Z-arabinose residues. Thus treated, the ])oly saccharide on methylation 
and hydrolysis then furnished a mixture of sugars in which the ])ercentages 
of trimethyl Z-arabinose and 2 : 4-(bmethyl d-galaetose had fallen, whilst 
a new sugar, 2:4: G-trimethyl d-galactose was isolated, thus })roving that 
the arabinose residue was attached through position 6 of a galactose residue 
which was also linked through and C3. With this information available, 
E. V. White suggested that the polysaccharide consisted of a main chain 
of (Z-galactose residues link(Ki through the hydroxyl groux)8 on carbon atoms 
1 and 6 and that each sugar unit is substituted on C3 by secondary chains 
consisting of 1 : 3-linked galactose or galactoarabinose residues. One 
formula which is in agreement with the available evidence is given in (XVI). 

Further evidence in support of this formula was obtained from an examin- 
ation of the reaction of jo-toluenesulphonjd chloride and triphenylmethyl 
chloride with the polysaccharide.^ Each of these reagents forms derivatives 
which indicate that arabogalactan contains three CH2’OH groups per 1 
arabinose and 6 galactose residues. W. G. Campbell, E. L. Hirst, and 
J. K. N. Jones ^ had previously arrived at a similar type of structure (XVIT) 
for the galactan portion of the molecule. Evidence was given, which showed 
that the polysaccharide was a mixture of a galactan and araban or of a galacto- 
araban and galactan rather than a homogeneous polysaccharide, since 
fractions of varying arabinose content could be isolated. This result is in 
agreement with the work of L. E. Wise and his co-workers ^ who separated the 
€-galactan, by fractionation, into products of varying physical and chemical 
properties. The use of the ultracentrifuge has also demonstrated that this 
material is a mixture of two polysaccharides of dilferent molecular weights, 
approximately 16,000 and 100,000.^ 
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Gum tragacanth ® has been shown to be a mixture of an acidic poly- 
saccharide, a neutral polysaccharide, and a sterol glucoside. The acidic 
polysaccharide is built up of Z-fucosc, dZ-xylose, and d-galacturonic acid 
residues, all of which appear to be in the pyranose form. The polysaccharide 
is of the branched- chain type with xylose and fucose end groups, and resembles 
the plant mucilages rather than the plant gums in that its acidity is due to 
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^Z-galacturoiiic and not d-glucuronic acid. Hydrolysis of the methylated 
material yielded a mixture of sugars amongst which 2:3: 4-trimethyl 
Z-fucose, 2:3: 4-trimethyl tZ-xylose, 3 : 4-dimethyl cZ-xylose, 2 : 3-dimethyl 
cZ-galacturonic acid, and a monomethyl galacturonic acid were identified. 
The neutral polysaccharide is an arabogalactan ® which on methylation 
followed by hydrolysis yields 2:3: 5-trimethyl Z-arabinose, 2 : 3-dimethyl 
Z-arabinose, Z-arabiriose, and a dimethyl cZ-galactose. In this respect it differs 
from the branched- chain araban associated with pectic acid, which is built 
up solely of Z-arabofuranose residues. 

Mesquite gum ® and damson gum ® on hydrolysis each give a mixture of 
sugars amongst which Z-arabinose, cZ-galactose, and tZ-glucuronic acid can be de- 
tected. Hydrolysis of methylated mesquite gum yields 2:3: 6-trimethyl 
Z-arabinose, 3 : 5-dimethyl Z-arabinose, 2 : 4-dimethyl d-galactose, and 2:3:4- 
trimethyl cZ-glucuronic acid in the proportions 1 : 3 : 2 : I . The gum is there- 
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fore of the braiichcd-oliaiii type and is of relatively simple structure ; one 
possible structure is indicated in (XVIIl). 

The gum from the damson tree contains d-mannose and d-xylose in 
addition to the sugars present in rnesquite gum. Hydrolysis of the methyl- 
ated derivative yields 2:3: 5-trimethyl Z-arabinose, 2:3: 4-triniethyl 
d-xylose, 2 : 3-dimethyl Z-arabinose, 2:4: 6-trimethyl d-galactose, 2 : 4- 
dimethyl d-galactose, 2-methyl d-galactose, and 4-methyl d-galactose, as well 
as 2 : 3-dimethyl and 2:3: 4-trimethyl glucuronic acid. It is, therefore, 
much more complicated in structure than is rnesquite gum ; it also is a polymer 
of the branched chain type and similarly contains end groups of Z-arabofuran- 
ose and d-glucuronic acid residues, as well as units of d-galactopyranose as a 
part of the molecule. 

Whether a polysaccharide is homogcnieous or heterogeneous is one of the 
major difficulties encountered in work on these highly polymeric materials. 
For example, work on yeast mannan has shown that the polysaccharide has 
a ramified structure. This result has been confirmed and extended by 
W. N. Haworth, R. L. Heath, and S. Peat.^^ According to R. Garzuly- 
Janke,^2 however, yeast mannan is a mixture of three mannans. Similarly, 
salep-mannan was shown to be an unbranched polymeric material of a very 
heterogeneous nature. B. Drake is of the opinion that lichenin is a poly- 
mer built up of glucose residues linked through and only. K. Meyer 
and P. Gurtler,’^ however, consider that it contains some 10 — 20% of j3-l : 3- 
linkages, no 1 : 6-linkages being present. i^oLichenin is a mixture of poly- 
saccharides and on hydrolysis yields galactose, glucose, and mannose. 
Pustulin from Umhilicaria pustulata resembles barley root glucosan in 
that it is a 1 : 6-polyglucan, while yeast glucan like laminarin is a polymer 
consisting of glucose residues linked through the hydroxyl groups on 
and Cjj, since it is unaffected by periodic acid. Little is known of the fine 
structure of these polysaccharides. 

The increasing industrial importance of pectin has stimulated research 
on the physical properties and chemical reactions of pectins and their 
derivatives. For example, pectin has been used as a source of d-galacturonic 
acid, 5-keto-Z-galactouic acid, vitamin C, and Z( + )-tartaric acid.^^ Methods 
have been described for the acylation of pectin using formamide or acetone- 
pyridine as dispersing agents. The thermal degradation of pectin solution 
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as determined by loss of viscosity has been shown to bo due to breaking of 
glycjosidic links and not to hydrolysis of the ester grouping, but this loss of 
viscosity in some cases may be due rather to an atmospheric oxidation of the 
pectin molecule, which is catalysed by traces of ascorbic acid.^^ Tamarind 
seed pectin differs from most pectins in being built up of xylose, glucose, 
and galactose residues, while the polyuronide fraction of New Zealand flax 
is not a pectin, such as appears to be present in some varieties of flax, but a 
hemicellulose-like material built up of cZ-xylose and t^-glucuronic acid residues. 
The capsular polysaccharide of Rhizobiarn radicicolum consists of p-linked 
fl!!-glucose and d-glucuronic acid residues and appears to be similar to cellulose 
with the CH 2 * 0 H group oxidised to "00211 on alternate sugar units, and in 
this respef‘t resembles some of the bacterial capsular polysaccharides. 

J. K. N. J. 


5. Steroids and Related Compounds. 

Steroid stereochemistry was last reviewed in 191)8; ^ subsequent observ- 
ations ^ have supported the suggestions of Riizicka ^ as to the configuration 
of the steroid nucleus, but recent modification of the orientations assigned 
to nuclear substituents, e.g., the C^^-side chain, have had wide repercussions. 

Configuration of the Steroid Nucleus . — The nuclear structure of androstane, 
5-aZ^opregnane, 5-aZZocholane, and cholestane is commonly represented by 
(T), and that of a3tiocholane, pregnane, cholane, and coprostane by (II). 
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trans-¥usion of rings A/B and C/D in (I) indicates that the angular 
methyl groups attached to C^q and C^g are similarly orientated and they 
are by convention regarded as projecting forward from the plane of the 
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22 ']\ P. Ghose, S, Krishna, and P. S. Rao, J. Sci. Tnd. Res. India, 1940, 4, 70r». 

2 ^ J. Mcllroy, G. S. Holmes, and (Miss) R. P, Maugor, 1945, 790. 

2 ^ (Miss) M. Schluchterer and M. Stacey, J., 1945, 776. 

^ R. K. Callow, Ann. Reports, 1938, 36, 281. 

2 G. Giacomello, Oazzetta, 1939, 69, 790; J. D. Bernal, D. Crowfoot, and I. Fan- 
kuchen, Proc. Roy. Soc., 1940, A, 239, 135; K. Dimrotli and H. Jonsson, Ber., 1941, 
74, 520; C. H. Carlisle and D. Crowfoot, Proc. Roy. Soc., 1945, A, 184, 64; W. D. 
Kurnler, J. Amer. Chem. Soc., 1945, 67, 1901. 

2 h. Ruzicka, M. Furter, and G. Thomami, Helv. Chim, Acta, 1933, 16, 331. 
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paper, i.e., as (p)-orientated.* This condition also holds for (II), since, for 
example, enolisation of 6 -keto-derivatives of (II) leads to 6 -keto-derivatives 
of (I).® However, the absolute configuration of no single steroid centre of 
asymmetry has yet been determined, despite the contrary statement of 
E. Bergmann,'^ so that the stereochemical arrangements of androstane and 
letiocholane may actually be the mirror images of formulae (1) and (II) 
respectively. 

The chair form of c^/cZohexane is a rigid structure ; it might therefore be 
thought that (I) is the rigid structure depicted in Fig. 1 . Ring A can, 
however, undergo conversion into a boat form, by relative motion of Cg, C 3 , 
and C 4 whereby C 3 and C^q become the ends of the boat, without disturbanct^ 
of the remainder of the tetracyclic structure.® The ci^-union of rings A/B 
in (II) suggests that rings A and B are both boat forms® (Fig. 2), which at 
first sight preserves the lath-shaped type characteristic of molecules based 
on (I). The boat form of cycZohexane is, however, a mobile structure, and 
in (II) rings A and B are capable of crumpling to an astonishing degree 
in spite of the fact that B is partly locked by Zm?i^-fusion with C; that 
such crumpling does occur is shown by the remarkable series of 3 : 9-epoxy- 
compounds described by Kendall et al.^ Another possible modification of 

* L. Fioser, “ The Chemistry of Natural Products Related to Phenanthrene ”, 2nd 
Edition, New York, 1937, pp. 398, 399; compare R. K. Callow, ref. (1). 

® T. Reichstein and C. W. 8hoppeo, “Vitamins and Hormones ”, Now York, 1943, 
p. 349. 

® V. Prelog and E. Tagmann, Uelv. Chim. Acta, 1944, 27 , 1880; A. Windaus, 
Annalen, 1926, 447 , 233. 

7 J. Soc. Chem. IncL, 1939, 58 , 512. * C. W. Shoppee, ./., 1946, 1138. 

* V. R. Mattox, R. B. Turner, L. L. Engle, B. F. McKenzie, W. F. McGuckin, and 
E. C. Kendall, J. Biol. Chem., 1940, 164 , 569; 166 , 345. 

* The convention adopted for the representation and description of substituted 
steroids is that proposed by Fieser,* and extended by Reichstein and Shoppee; ® 
position is specified by the number of the nuclear carbon atom bearing the substituent, 
configuration by the suffix (a) or (^). As emphasised by Callow,^ the parentheses are 
important for a double reason ; they not only distinguish from trivial indices, ‘‘ a ” 
and “ jS ”, but also indicate a definite stereochemical orientation. Thus the position 
and configuration of the hydroxyl group common to cholesterol, dihydrocholesterol, 
and coprostanol (coprosterol) are defined by the expression 3{)3) ; this hydroxyl group 
projects forward from the ]3lane of the paper as does the Ci„-angular methyl group, 
and this is shown by a full-line bond. In epicholesterol, cpzdihydrocholesterol, and 
ejncoprostanol (epicoprosterol) the position and configuration of the hydroxyl group 
is defined by the expression 3(a) ; this hydroxyl lies below the plane of the paper, 
and this is shown by a broken -line bond. 

For substituents in steroid side chains, e.g., secondary or tertiary but not primary 
hydroxyl groups, position is specified by the number of the carbon atom bearing the 
group in question, but, since stereoisomerism is now no longer geometrical in character 
but of the classical tartaric acid type, a definite spatial orientation cannot in general 
be assigned. The indices a and /3 without parentheses, adjacent to and following a 
position numeral, e.g., 20a, 20j8, should be employed, but n- and iso- have also been 
used. These suffixes without parentheses serve solely to distinguish stereoisomerides 
without any spatial implication; and since here suffix assignment is arbitrary, com- 
pounds labelled, e.g., 20jS, will not necessarily have corresponding configuration at C,q. 
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(II), based on a structure proposed for cis-decalin by Bastiansen and 
Hassell,^® is shown in Fig. 3 ; despite cis-unkm both rings A and B are chair 
forms, and the molecule is L-shaped.* Ring A of the structure shown in 
Fig. 3 can also become a boat form with ends at (^3 and by relative motion 
of C 2 , C 3 , and C^y the L-shape being preserved. Existing X-ray evidence 



Carbon skeleton of androstane with rings A and B as chair forms. 



Carbon skeleton of oetiocholane with rings A and B as boat forms. 

for coprostanc compounds ^ suggests that these are flat and not L- shaped 
as in Fig. 3, although on energetic grounds the chair structure of Fig. 3 

O. Bastiansen and O. Hassell, Nature, 1946, 167, 765; the legend to Fig. 1 in 
this communication is incorrect : (a) shows the structure of <mn«-decalin according to 
Mohr, (6) that of cw-decalin according to the authors. 

*" Compare L. Riizicka, M. Furter, and M. W. Goldberg, HeJv. Chim.. Acta, 1938, 21, 
498, Plate II. 
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would be expected to be more stable than the boat structure of Fig. 2, 
because, on account of the greater separation of the hydrogen atoms in a 
chair form, the mutual re])ulsions of the electrons involved in the C H bonds 
are less. Shoppee ® has calculated the lieight of the energy barrier of the 
chair -> boat conversion in cyclohexane as ^10 kg. -cals. ; chair-boat trans- 
formations between the types indicated above might be expected to involve 
energies of the same order, which are small compared with the activation 
energies of most chemical reactions and appear to be derivable from thermal 
bombardment at ordinary temperatures. Stereochemistry deals with struc- 
tures which retain individuality under such conditions; from the stereo- 



Possible nuclear structure of cetiocholane with rings A and B as chair forms. 

{All seen in isometric projection at 22'5°.) 

chemical point of view it is useless to attempt to distinguish between 
geometrical arrangements which are separated by energy hills so low that they 
will normally be traversed with great frequency in the liquid state or in 
solution. Very many substitution products of androstane, aetiocholane, and 
their horaologues are known, but there is no established case of the existence 
of more than the two epimeric substitution products predicted on the basis 
of formulae (I) and (II). The various possible geometrical modifications of 
(I) and (II) thus appear to make no contribution to the stereochemistry of 
these substances and their derivatives. Such geometrical modifications 
cannot affect the character {cis- or trans-) of a ring-fusion already present in 
a molecule. 

Configuration of Nuclear Substituents. — Four methods have been used to 
determine the configuration of nuclear substituents : 

(i) Formation of a cyclic compound. If two substituents at non-adjacent 
carbon atoms interact to give a cyclic derivative, e.y., a lactone or an 
oxide,® they must lie on the same side of the general plane of the ring system, 
i.e., must both be (a)- or (p) -orientated. 

H. Lettr6, Ber., 1935, 68 , 766. 

12 K. Alder and G. Stein, Annalen, 1933, 504 , 229. 
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(ii) Examination of reaction mechanism. On the basis of the geometrical 
form and energy of the transition state, it has been concluded that for the 
bimolecular replacement [S^l) of one substituent by another at positions 
1 — 4, 6 , 7, 11, 12, and probably 15 — 17 in androstane (I), inversion should 
be the rule ; ® a similar conclusion may be expected to hold for derivatives 
of setiocholane (II). Conversely, in the presence of suitably placed un- 
saturated centres, e.g., in derivatives of androstene (and probably also 
setiocholene), retention of configuration should be the rule, the substitution 
mechanism involved here probably being that designated 

(hi) Examination of reaction rates. Since in bimolecular substitutions 
(S-ifl) steric effects operate,^* proximity to an angular methyl group of a 
((3)-orientated substituent, e.g., at or as compared with the same 
(a)-orientated substituent should and does cause a marked difference in 
reaction velocity . . Interpretation of such rate-differences requires 
consideration of tlic stereochemical character of the reaction. Thus, alkaline 
hydrolysis procc^eds more rapidly for an ll(f:i)-bromo-steroid than for the 
ll(a)-epimeride, but more slowly for a 17(fi)-acetoxy-steroid than for the 
17(a)-epimeride ; both reactions occur predominantly by mechanism 
but the former proceeds with inversion of configuration at and the 
latter with preservation of configuration at Cj^. Since formation of the 
transition state is the rate -determining stage, ease of entry of the attacking 
hydroxyl ion to the relatively sterically unhindered (a)-face of in the 
Il(P)-bromo-compound is determinative, and the rates are Il(p)-Br;> 
ll(a)-Er.^’ In the case of a 17-acetoxyl group, replacement occurs not at 
but at the carbonyl carbon atom of the acetyl group, which is already 
(a)- or (P) -orientated to the general plane of the ring system; ease of 
approach of the attacking hydroxyl ion is again determinative, but, 
because only the 17(P)-acetoxyl group can be hindered by the angular 
methyl group at the rates are 17(a)-OAc > 17(p)-OAc.^^ 

(iv) Application of optical superposition rules.^* 22 Examples 

of these four methods will be encountered in the following review of the 
various nuclear positions, which makes no claim to be complete. 

Positions Cg, and C 4 . — Catalytic hydrogenation with platinum in an 
acidic or neutral medium of 2-acetoxycholestan-3-one gives a complex 
mixture from which, unexpectedly, the acetate of a I -hydroxy cholestane is 
isolated; the configuration of the 1 -hydroxyl group is unknown, but the 

C. W. Shoppee, J., 1946, 1147. 

1 * I. Dostrovsky, E. D. Hughes, and C. K. Ingold, ibid.^ p, 173. 

1 ® L. Ruzicka, M. Furter, and M. W. Goldberg, Helv. Chim. Acta, 1938, 21 , 498. 

1 ® 13. Koechlin and T. Reichstein, ibid., 1942, 26, 919. 

T. F. Gallagher and W. P. Long, J. Biol. Chem., 1946, 162 , 621, 633. 

1 ® R. K. Callow and F. G. Young, Proc. Roy. Soc., 1936, 167 , A, 194, 

1® S. Bernstein, W. Kauzmaim, and E. S. Wallis, J. Org. Chem., 1941, 6 , 319. 

3® S. Bernstein, E. J. Wilson, junr., and E. S. Wallis, ibid,, 1942, 7, 103. 

P. A. Plattner and H. Heusser, Helv. Chim, Acta, 1944, 27, 748. 

« D. H. R. Barton, J., 1945, 813; 1946, 612. 

*3 L. Ruzicka, P. A. Plattner, and M. Furrer, Helv. Chim. Acta, 1944, 27, 624, 727. 
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compound gives no precipitate with digitonin, and by oxidation yields 
cholestan-l-one. Also formed in the reduction are a 2 : 3 -dihydroxy chol- 
estane and the monoacetates of three diols, which may be stereoisomer ides. 
A mixture of stereoisomeric 2 : 3-dihydroxycholestanes is also obtained by 
oxidation of cholest-4-en-3-one with lead tetra-acetate followed by hydro- 
genation with platinum-acetic acid.^^ Wolff-Kishner reduction of 2-acet- 
oxycholestan-3-one gives, in addition to cholestane and the normal product 
2-hydroxycholestane (isolated as cholcstan-2-one), the above 1-hydroxy- 
cholestane and 4( p)-hydroxy cholestane ; by contrast, Wolff-Kishner 
reduction of 3-acetoxycholest-3-cn-2-one gives only cholestane. The 
production from 2-acetoxycholestan-3-one with alkalis of the 4-oxygenated 
compounds, 3 : 4-dihydroxycholest-3-ene and 3-hydroxycholestan-4-one, 
again indicates the surprising lability of the 2-hydroxyl group. A 2-bromine 
atom also exhibits similar lability ; whereas 2-bromocholestan-3-one with 
hot collidine gives the expected cholest-l-en-3-one, use of potassium acetate 
in acetic acid yields exclusively a “ hetero- A ^-ketone ” now shown to be 
cholest-5-en-4-one.2’^ Whether such lability * is connected with the steric 
orientation of the 2-sub8tituent is not known. 

Cholestan-2-one is reduced with platinum-acetic acid to 2(p)-hydroxy- 
cholestane (precipitated by digitonin) and by sodium-ethanol to 2 (a) -hydroxy- 
cholestane. 

Position Cg. — Proof that the 3 -hydroxyl group of the bile acids is (a)- 
orientated has been adduced by Kendall et al.^ In anhydrous non-polar 



solvents methyl 3(a)-hydroxy-12-halogeno-chol-9(ll)-enate (III; X — Cl or 
Br) is stable, but the halogen is completely removed in a few minutes when 


** R. E. Marker and L. Plambeck, junr., J. A^ner. Chem. Soc.^ 1939, 61, 1332. 

E. Seebeck and T. Reichstein, Helv, Chim. Acta, 1944, 27, 948; cf. G. Ehrhart, 
H. Rushig, and W. Aiimiiller, Ber., 1939, 72, 2035. 

E. T. Stiller and O. Rosenheim, J., 1938, 353. 

A. Butenandt and G. Ruhenstroth- Bauer, Ber., 1944, 77, 397 ; cf. A. Buienandt 


et al., ibid., 1935, 68 . I860, 1854, 2091 ; 1936, 69 , 1158; 1938, 71 , 1681 ; 1940, 73 , 206; 
cf. also L. Ruzicka, P. A. Plattner, and R. Aeschbacher, Helv. Chim. Acta, 1938, 21 , 866. 
* Since this report was written a further example. 


Br,; 




Br; 


constituting the essential step in the production of the key -intermediate in the synthesis 
of “ a ’’-cEstradiol from cholesterol (H. H. Inhoffen and G. Ziihlsdorff, Ber., 1941, 74 , 
1911; 1943, 76 , 233) has been described (A. L. Wilds and C. Djerassi, J. Amer. Chem. 
Soc„ 1946, 68 , 2125). 
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a chloroform solution is washed with water at 20° to give, via the mesomeric 
cation (IV), the 3 : 9-epoxide (V). By contrast the acetate of (III) is 
entirely stable under these conditions, and affords a diene of unspecified 
structure only with boiling pyridine. The 3 : 9-cpoxy -structure survives 
the following sequence of reactions at the : Cjo-double bond : 

Br, NaOAc 

-CHBr-CHBr- ■> -CIl(OA()-CHBr- 

Zn 

j^NaOir 

CrO, HOAf /0\ 

-CO-CO- -< -CH(OH)-CH(OH)- < -CH-CH- 

(H,SO.) 


but with hydrochloric or hydrobromic acid undergoes fission to regenerate 

(III). 

There is as yet no strict proof that the hydroxyl group in cholesterol 
and dihydrocholesterol is (p) -orientated.* The evidence of X-ray crystallo- 
graphic analysis is suggestive ; the “ molecular lengths ” (calculated from the 
slope of the y-optic axis to the c plane in the crystals) are : 

Cholestanol, 2 H 2 O 39*5 a. f’/^iCholeHtanol 34*5 a. 

?>oAn(lroBterone 12*8 a. f Androaterono 11*25 a. 


so that, as models suggest, a 3(p)-hydroxyl grou]) does appear to increase 
the ‘‘ molecular length The proof adduced by Lettre on the basis 
that the acid (VII) affords a lactone (VIII) is vitiated by lack of knowledge 
concerning the occurrence or not of Walden inversion at several stages in 
the conversion of dihydrocholesterol (VI) into the acid (VII). 


HO 


/ 


ll 

(VI.) 


HO 


\lA/ 

! I 

COjH 
\\ CO2H 
(VII.) 


/\ 

|\./1 


COJl 


H 


O ~CO 
(VIIT.) 


/ l \^ 

HO H 
(TX.) 


Measurements of the rate of hydrolysis of 3-epimeric acyloxy- com- 
pounds are, however, consistent with the generally accepted structure of 
dihydrocholesterol as 3 (P) -hydroxy cholestane (VI). The 3-hydroxyl group 
in coprostanol (coprosterol) has been proved to possess the same con- 
figuration as that in (VI) so that, as previously supposed on the basis of 
Ruzicka’s application of the Auwers-Skita rule, coprostanol is 3(p)-hydroxy- 
coprostane (IX). 

The configuration of a 3 -hydroxyl group is concerned not only in digitonide 


** J. D. Bemal, D. Crowfoot, and I. Fankuchon, FhU. Trans, y 1940, 239, 170; 
J. D. Bemal and D. Crowfoot, private communication. 

*• A. Lardon and T. Reichstein, Helv, Ckim. Acta, 1941, 24, 955. 

L. Ruzicka, H. Brunggor, E. Eichenberger, and J. Meyer, ibid., 1934, 17, 1407. 

♦ Since this report was written, such a proof has been adduced by the writer by the 
direct conversion of cholesterol, as the acetate, into the acid (VII). 

t The “molecular length” cannot here diredtly be calculated, but is estimated 
from consideration, inter alia, of strong reflexions combined with the cell dimensions. 
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j)recipitation and androgenic activity, but also appears to influence odour. 
Although steroids in general are odourless, a limited number of androstane 
derivatives have odours; 3(a)-hydroxy-compounds have much more intense 
odours than the 3(p)-epimeride8. 3(a)-Hydroxy- (XII) and 3(p)-hydroxy- 
androst-l6-ene (XIII), isolated from pig testicles and synthesised^^ fn>m 
androstan-17(p)-ol-3-one hexahydrobenzoate (X) by pyrolysis and reduction 
of the resulting ketone (XI) with aluminium isopropoxide, have intense and 
faint musk-like odours resjiectively. Similar differences are observed 
between the epimeric saturated analogues,^^’ the epimeric 2(a)- and 
2(p)-hydroxy-u4-norandrostanes (XIV), and the epimeric 3(a)- and 3(p)- 
hvdroxy-Z)-homoandrostanes (XV).^^ The analogous jetiocholene and 
jctiocholane derivatives obtained from 8etiocholan-17(p)-ol-3-one 

benzoate (XVI) are nearly odourless. Incidentally, various ketones of both 
the androstane and fctiocholane series, e.g.y (XI), have an intense urine-like 
odour and exhibit a curious structural resemblance to the natural sexual 
odoriferous compound civetone (XVII). 

O-CO-CeHii 


/X!A)P 






rQ pi!] ro 

rra ('"M npi 

A/l\/ 

O 1-1 HO H HO H 

(XT.) (XII.) (XIII.) 


OBz 



(XV.) (XVI.) (XVII.) 


The constitutions of the so-called “ a ’P and p ’Pcholestanyl chlorides 
have been established as 3(p)-chloro-(XIX) and 3(a)-chloro-chole8tane (XX) 
respectively.® On the basis of extensive kinetic studies it has been found 
that in homogeneous substitutions of ’Hal by ’OR in alkyl halides con- 
taining, besides the halogen, only neutral, saturated groups at the seat of 
substitution, (a) the predominating orientation is inversion of configuration, 
no matter whether the mechanism is or 8^2, (b) there is practically 
complete absence of racemisation in mechanism 8^2, whilst extensive 


V. Prelog and L. Kuzicka, Helv. Chim. Acta, 1944, 27, 61. 

V. Prelog, L. Ruzicka, and P. Wioland, ibid,, p. 66. 

3* R. D. H. Heard and A. F. McKay, J. BioL Chem., 1946, 166, 677. 

A. Biitenandt and L. A. Siiranyi, Ber., 1942, 75, 591. 

33 V. Prelog, L. Ruzicka, and P. Meister, Helv. Chim. Acta, 1946, 28, 1651. 

3« V. Prelog, L. Ruzicka, P. Wioland, and P. Meister, ibid., p. 618. 

37 L. Ruzicka, ibid., 1926, 9, 230. 

33 W. A. Cowdrey, E. D. Hughes, C. K. Ingold, S. Mastermann, and A. D. Scott 
J., 1937, 1269, 
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racemisation is characteristic of mechanism The cholestanyl chlorides 

are typical if complex alkyl halides; and the “ a ’’-chloride, m. p. 115°, 
undergoes homogeneous reaction with acetate ions at 180° to give, after 
hydrolysis, 3(a)-hydroxycholestane (XXIT ; R — H) ; the so-called “ a 
cholestanyl chloride is therefore 3(p)-chlorocholestane (XIX). Chromato- 
graphic analysis makes possible the isolation also of a relatively small quantity 
of 3(p)-hydroxycholcstane (XXIII; R — H), and of much cholest-2-ene 
(XXIV). 8 


I/\/ OAcB 

, .fj 

Cl H (XIX.) 


RO H 


(XXn.) (inversion : ^S'n2) 


- C10 

Y 



H 

(XXL) 




(racemisation : /S'nI) 


o^c^(xx^) + 

/\/-:V 
RO H 
I (XXIII.) 

I I (XXIV.) (elimination : ^1) 

\/iA 

H 


The 3(a)-hydrox3Tholestane (XXII ; R H) arises as the acetate 
(XXII ; R ~ Ac) principally by mechanism S^2 with inversion of configur- 
ation, and the “ a ’’-chloride is therefore 3(p)-chlorocholestane (XIX). The 
small quantity of 3(p) -hydro xycholestane (XXIII; R ~ H) formed results 
from the operation of mechanism /S'nI, since the tendency of the inter- 
mediate cation (XXI) to become flattened is responsible for racemisation ; 
an equivalent quantity of the 3(a)-epimeride (XXJI; R — H) is derived 
by this mechanism. The cation (XXI), instead of combining with an 
acetate ion, can eject a proton to undergo the elimination reaction ^1, 
giving rise to cholest-2-ene (XXIV). “ p ’’-Cholestanyl chloride, m. p. 105°, 
similarly affords the same three products (XXII ; R == H), (XXIII ; R — H), 
and (XXIV), but now the proportion of 3(p)-hydroxycholestano (XXIII; 
R = H) largely exceeds that of the 3(a)-epimeride : 



(XXL) 


/\|/\/ 

^ /\/'\/ (inversion : *S^n2) 

RO 



H 


The so-called “ p ’’-chloride is therefore 3(a)-chlorocholestane (XX). 

*• R. E. Marker, F. C. Whitmore, and O. Kamm, J. Amer. Chem. Soc., 1935, 67, 
2368. 
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Similarly, the and “ p ’’-stigmastanyl chlorides^® which afford 

respectively 3(a)- and 3(p)-hydroxy8tigmastane are to be regarded as 3(P)- 
and 3(a)-chlorostigmastane, whilst the single ergostanyl chloride known 
is probably 3(a)-chloroergostane. 

Following the establishment of the configurations of the cholestanyl 
chlorides (XIX) and (XX), it becomes possible to assign configurations to 
their oxidative degradation products (XXV) and (XXVIII), and to obtain 
a consistent picture of the conversion of the 3-chloro-ketones (XXVI), and 
(XXIX), by mechanism with inversion, into androsterone (XXVII) and 
i^oandrosterone (XXX) respectively. 



(XXVIll.) (XXIX.) (XXX.) 


Both chloro-ketones (XXVI, XXIX) undergo the elimination reaction El 
to give androst-2(?) [or 3(?)]-en-17-one to an extent dependent upon the 
conditions.®’ 

Application ® of the orientation rules laid down by Hughes, Ingold et 
^^14,38 fQ|. replacement of -OR by *01 to the 3-hydroxycholestanes 
(XXII, XXIII ; R — H), the 3-hydroxystigma8tanes, androsterone (XXVII) 
and i^oandrosterone (XXX) furnishes a picture which is consistent with 
that obtained for replacement of *01 by ’OR ; in brief, use of thionyl chloride 
preserves configuration whilst use of phosphorus pentachloride causes 
inversion. 

The establishment of the constitution of the “ a ’’-cholestanyl chloride 
as (XIX) fixes that of cholesteryl chloride as 3(p)-chlorocholest-5-ene 
(XXXII), because catalytic hydrogenation of (XXXII) gives (XIX) quant- 
itatively; that the 3-chlorine atoms in (XIX) and (XXXII) have the 
same orientation is also clear from crystallographic evidence.*® Cholesteryl 
chloride (XXXII) is obtained from cholesterol (XXXI) by treatment not 

R. E. Marker and E. J. Lawson, J. Aftier. Chem. Soc., 1937, 69 , 2711. 

F. Reindel and E. Walter, AnjicUen, 1928, 450 , 212 ; I. M. Heilbron, K. M. Samant, 
and J. C. E. Simpson, J., 1933, 1410. 

A. Biitenandt and H. Dannenbaum, Z. physiol, Chem.f 1934, 229 , 192. 

D. Crowfoot, “ Vitamins and Hormones,” II, New York, 1944, p. 460. 
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only with thionyl ohlorido,^^ but also with thioiiyl chloride-pyridine or 
phosphorus pentachloridc.^® Thus in contrast to the behaviour of saturated 
3-hydroxy-steroids, the hydroxyl group of cholesterol undergoes replace- 
ment by chlorine, irrespectively of the reagent employed, with retention 
of configuration. This singular behaviour reappears in the replacement 
of *01 by 'OR, for when cholesteryl chloride (XXXII) is treated with acetate 



(XXXI.) 


soc ypy ; PCI5 \ 
^OAc© ; hydrolysis 



(XXXII.) 


H,,Pt 

> 


Cl 



(XIX.) 


ions at 100° the product is ]ira(‘tically pure cholesteryl acetate and hydrolysis 
gives a 91% overall yield of cholesterol (XXXI) unaccompanied by e/pi- 
cholesterol,^^ ^.e., there is complete preservation of configuration in sharp 
contrast with corresponding reactions of the cholestanyl chlorides. More- 
over in the ionic reaction (XXXII — >XXXI) it is difficult to envisage the 
operation of some internal rearrangement mechanism analogous to 
Similar relationships exist between other 3-hydroxy- A^-steroids and their 
3-ohloro-derivatives, e.g.y stigmasteroH® and “ p ’’-sitosterol. 

Cholesteryl chloride (XXXII) is oxidised (as the dibromide) by chromium 
trioxide to “ a ’’-chloroandrosteronc,^’^ which therefore must be 3(p)-chloro- 
androst-5-en-17-ono (XXXIV), a structure which is (jonfirme'.d by catalytic 
hydrogenation to the chloro-ketone (XXVI); (XXXIV) is also 

formed from dehydroisoandrostcrone (XXXI II) with ])reservation of con- 
figuration not only by use of thionyl chloride but also by use of phos- 


/\| 


HO 


(XXXIII.) 


soul,; PUL; IIUl 


O 

II 

/\ 


./\/i 

\ OBze, OAcG ; 


/\ 


liydroljsis 

1 1 H 
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Cl 
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phorus pentachloride and of hydrochloric acid.'^^*^*^ In (XXXIV), 
replacement of *01 or 'OR using benzoate ions in molten benzoic acid^- 


** O. Diels et al., Ber., 1904, 37 . 3092; 1911, 44 , 287. 

P. J. Daughenbaugh and J. B. Allison, J. Amer. Chem. Soc.y 1929, 51, 3665; 
see also ref. 38, p. 1267. 

J. Maiithner, Monafsh., 1894, 15, 87. 

R. E. Marker, F. C. Whitmore, O. Kamm, T. S. Oakwood, and S. M. Blatterman, 
J. Amer, Chem, Soc,, 1936, 59, 338, 

** E. S. Wallis and E. Bemholz, ibid., 1935, 57, 1379, 1504. 

A. Butenandt, H. Dannenbaurn, G. Hanisch, and H. Kudszxis, Z. physiol. Chem,, 
1935, 287 , 57. 

E. S. Wallis and E. Fornholz, J. Amer, Chem. Soc., 1937, 59 , 764. 



SHOPPEE : STEROIDS Al^D RELATED COMPOUNDS. 


211 


or aiipiatc ions in acetic acid also occurs with retention of configuration to 
yield dehydroi.9oandrostororio benzoate or acetate, and, after hydrolysis, 
dehydro iVsoandrosterone (XXXIIT). Again there is sharp contrast with 
the saturated series, since the chloro-ketone (XXVI) by similar treatment 
affords androsteronc (XXVII) with inversion. 

It has been shown by a kinetically controlled stereochemical examin- 
ation that the first order hydroxylation and methoxylation of the a-bromo- 
])ropionate ion take place with 90 — 100 % retention of configuration and 
without detectable racemisation, whilst a case of substitution involving an 
intermediate cation preserved as to configuration by an a-bromine atom 
has been re])orted.^“ It is suggested that the uniform retention of con- 
figuration displayed by A-'^-steroids in replacement reactions at C3 is due to 
the operation of mcutianism /S^^l, the polarisable electrons of the A®-un- 
saturated (;entrc reacting sufficiently powerfully with the positive charge of 
the intermediate carbon cation to overcome both the energetic and geo- 
metrical factors, which normally operate to favour the production of a 
transition state of linear type the consequence of which is inversion, and 
leading to the formation of a transition state of pyramidal type, which 
corresponds to retention of stereochemical form. It is to be expected that 
suitably placed unsaturated centres may produce similar effects in sub- 
stitution reactions at positions other than C3. 

Position C- and Cg. — The structure of the cholestanetriol (“ triol I 
of Ellis and Petrow ^^) (XXXV) has been confirmed, but the isomeride 
(“triol J 1 ”), previously described as coprostane- 3 (fi) : 5 : ()(p)-triol, is 
actually choIestane- 3 ((ii) : 5 : 6(a)-triol (XXXVI).* Dehydration of the 
triols (XXXV) and (XXXVI) as the 3 : 6-diacetates with thionyl chloride in 
pyridine gives the 3 : fi-diacetates of the 6-cpimerides, (XXXVII) and 
(XXXVIII) respectively; these by Oppenauer oxidation both yield chol- 
estane -3 ; 6-dione. Earlier statements that the triols (XXXV) and 
(XXXVI) afford isomerides by oxidation with chromium trioxide are 
incorrent; both give cholestane- 5 -ol -3 : 6-dione.^’ 

Hydrogenation of (XXXVII) with platinum in acetic acid leads 
smoothly to coi)rostane- 3 (p) : 6(p)-diol (providing a convenient route to 
the coprostane scries),^ which by oxidative degradation as the diacetate 

W. A. Cowdrey, E. D. HnghoP, and C. K. Iiigold, J., 1937, 1208. 

52 S. Winsteiii and H. J. Lucaa, J. Amer, Chetn, Soc., 1939, 61, 1576, 2854; S. Win- 
stcin and K. E. Buckles, ibid., 1942, 64, 2780; S. Winstcin, t 6 zW., p. 2792. 

53 B. Ellis and V. A. Potrow, J., 1939, 1078. 

5* V. Prelog and E. Tagmann, Heli\ Chim. Acta, 1944, 27, 1867. 

55 V. A. Petrow, O. Rosenheim, and W. AV. Starling, J., 1938, 679. 

5« A. Windaus, Ber., 1907, 40, 257. 

57 R. H. Pickard and J. Yates, J.. 1908, 93, 1678. 

58 M. Ehrenstoin, J. Org. Chem., 1939, 4, 506. 

5® V. Prelog and E. Tagmann, Helv. Chim. Acta, 1944, 27, 1880. 

5® R. E. Marker and J. E. Krueger, J. Amer. Chem. Soc., 1940, 62, 79. 

* A suffix, (a) or (jS), is not essential at C 5 since the orientation of a 6 *substituent 
is already specified by the description cholestane or coprostane. 
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gives 3(p) : O(p)-dihy(lroxy3etiocholan-17-one and 3(p) : 6 (p)-dihydroxychol- 
anic acid; tliis acid is different from “ p ’’-hyodcoxycholic acid which 
is therefore 3(p) : 6 (a)-dihydroxycholanic acid. “ a ’’-Hyodeoxycholic 
acid is a 3(a) : 6 -dihydroxy cholanic acid; the configuration at Cg 
appears to be (p) because various workers have been able to achieve 


partial hydroh^sis 
infra). 
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of 3 : 6-diaectoxy- 
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The structures of the so-called “ a and “ p ’’-oxides of cholesterol have 
been established.^''^ The “ a ’’-oxide is 5 : 6(a)-oxidocholestane-3(p)-ol 
(XXXIX) ; hydrogenation as the a(;etate gives quantitativedy the acetate 
of cholestane-3(p) : 5-diol (XL), also obtained directly from the “ a ’’-oxide 
by use of phenyl-lithium and palladium- acetic acid,^® whilst fission with 



O O OH 

(XXXIX.) (XL.) (XLl.) (XLII.) 


aqueous dioxan at 150'^ gives the triol (XXXV), with retention of con- 
figuration at Cg and inversion at Cg. The inclusion of the diol (XL) in the 
cholestanc scries is supported by other evidence ; thus a diacetate is 
relatively easily obtained, whereas in a coprostane derivative steric hindrance 
at C 5 by the angular mcth 3 d group should be more marked. This 
diacetate is readily hydrolysed to the 5-monoacetato (XLIII) ; this, by 
treatment with j 9 -toluenesulphonyl chloride in boiling pyridine, gives 70% 
of c/;zcholesteryl acetate (XLVI), thus affording a remarkable illustration 
of the intervention, discovered by Winstein et of a suitably placed 

acetyl group in a substitution reaction. The reaction represents an intra- 
molecular S^2 substitution; the (a) -orientation of the 5-acetoxyl group 
(the substituting reagent) together with the (p) -orientation of the 3-tosyl 

J. S. Moffatt, J., in the press. 

S. Kimura, Z. phyaiol. Chem.^ 1937, 248 , 280. 

A. Windaiis et al., Annalen^ 1923, 433 , 278; 1926, 447 , 233; Z. physiol. Chern.^ 
1933, 216 , 18. 

T. F. Gallagher and J. R. Xenos, J. Biol. Ghem., 1946, 165 , 365; W. M. Hoehn, 
H. B. Moffatt, J. Linsk, and J. K. Stafford, J. Amer. Cheni. Soc., 1946, 68, 1865, 1867. 

P. A. Plattnor and W. Lang, Helv. Chim. Acta, 1944, 27, 1872. 

P. A. Plattner, T. Petrzilka, and W. Lang, ibid., p. 573. 

A. D. Tschinajewa and M. 1. Uschakow, J. Qen. Chem. Russia, 1941, 11 , 335. 

H. Stavely, J. Anier. Chem. Soc., 1942, 64 , 2723. 

®® S. Winstein, H. V, Hess, and R, E, Buckles, ibid., p. 2796. 
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grou]) (the group substituted) in (XLIV) necessitates that the transition 
state must be of linear type, the consequencie ot which is inversion of con- 
figuration in the intermediate cation (XJjV). 



(XLIJI.) 



"Xi/N/ 


(XLIV.) 
(Th : 


H () ^ O 
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(XLV.) 
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. ''.X V/ 

AcC) 
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The products previously described as tlie “ [i ’’-oxide, “ f-i ’’-oxide- 
acetate, and “ p ’’-oxide-benzoate of cholesterol have been shown 

to be molecular comjiounds; tlie true “ p ’’-oxide is obtained from h-chloro- 
cholestane-3(p) : 0(p)-diol diacetate witli alcoliolic potassium hydroxide,’^ 
or from tlie molecular compound — termed the “ ap ’’-oxide-acetate ” — by 
fission and se])aration of the comjionents on a column of aluminium oxide. 
Hydrogenation of the “ p ’’-oxide acetate gives cholcstane, cholestan- 
3(p)-ol acetate, and the 3-monoacetate of a cholestane-3(p) : G-diol.^^^ The 
last named is identified by com])arison with the two known cholestane- 
3(p) : 6-diols, and configuration is assigned as follow^s.^*’ I’lie diacetate 
of one of these diols (Windaus) undergoes hydrolysis with dilute potassium 
hydroxide readily, both acetoxyl groups being hydrolysed at similar rates; 
the diacetate of the other diol (Marker- Prelog) possesses one acetoxyl 
group whicii is relatively difficult to hydrolyse [a feature also exhibited by 
the 3 : 6 diacetate of (XXXV)] ; conversely only one hydroxyl group of 
this diol is easily esterified.'^^ Since alkaline hydrolysis should proceed by 
mechanism and so be subject to stcric hindrance and because a 6(p)- 
acetoxy-grou[) should be sterically hindered by the angular methyl 
group * to a greater extent than a 6(a)-acetoxy-group, the Windaus com- 
pound is the 3(p) : 6(a)-diol, whilst the Markcr-Prelog epimeride, which is 
that obtained by hydrogenation of the “ p ’’-oxide acetate, must be the 
3(p) : 6(P)-diol (XLII). The “ p ’’-oxide of cholesterol is therefore 5 : 6(p)- 
oxido-coprostane-3(p)-ol (XLI). Hydrolysis of (XLl) with aqueous dioxan 
at 150° gives the triol (XXXV) with inversion at C5. 

The configurations (XXXIX) and (XLI) assigned to the cholesterol 


T. Westphalen and A. Windaus, Ber., 1915, 48 , 1064. 

A. Windaus and H. Liiders, Z. physiol. Chem.y 1921, 117 , 154. 

L. Ruzicka and W. Bosshard, Helv. Chini. Acta, 1937, 20 , 244. 

R. A. Baxter and F. S, Spring, .7., 1943, 613. 

Z. Hattori, J . Pharm. Soc. Japan, 1940, 60 , 125. 

A. Windaus, Ber., 1917, 60 , 133. M. F. C. Paige, J., 1943, 439. 

H. Reich and A. Lardon, Helt}. Chim. Acta, 1946, 29, 671. 

* Plattner et al.^^ actually say “zum Methyl (Lig) ”, but this is surely an error for 
Cij; when numbers are assigned to the carbon atoms of the angular methyl groups, 
that attached to Cjq is correctly numbered 19 and that atta(4ied to Cjg is correctly 
numbered 18.** 
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oxides are in agreement with previous work; use of the very typical 
optical rotation differences enables corresponding configurations to be 
assigned to the pairs of oxides derived from stigmasterol,'^^ dehydroi.so- 
androsterone,"^® pregn-5-en-3(p)-ol-2()-one,®® pregn-r)-ene-3(p) : 21-diol-2()- 
one and pregn-5-en-3(P) : 20 : 21-triol.^2 It is doubtful if these observ- 
ations can be extended to the sterol benzoate oxides of Wallis ct 
because they appear to have used molecular (iompoimds of the “ a ” and 
“ p ’'-forms, and not the true “ p ’’-oxides; these authors describe the use 
of anhydrous hydrogen fluoride at — 80° for a few minutes to cleave oxides. 

The course of hydrogenation of steroid 4 : 5- and 5 : 0-oxides depends 
on the conditions used, the configuration of the oxide, and the presence or 
otherwise of substituents at C3. Thus 5 : O(a)-oxidocholestane gives 
cholestane, and 5-hydroxy- and a 0( p?) -hydroxy -cholestanc ; 4 : 5-oxido- 
cholestane gives the same 5 -hydroxy cholestane and 4(p)-hydroxychol- 
estane.®® Nevertheless therein lies a method permitting the introduction 
of the 5-hydroxyl group characteristic of many of the cardiac agly cones. 

Cholesterol by treatment with iodobenzene diehloride gives 80% of a 
single dichloride, but esters of cholesterol, stigmasterol, and sitosterol each 
give two isomeric ester-dichlorides characterised by large differences in 
m. p. and specific rotation; berizoylation of cholesterol dichloride gives the 
benzoate-dicbloride of lower m. p.®^ 

Position C7. — The 7 -hydroxyl group in chenodcoxycliolic acid (XLVII) 
and cholic acid (L) is (a)-orientated. Hypobromite oxidation of (XLVll) 
gives a 7 -hydroxy tricarboxylic acid (XL VIII) whicli readily yields the 
lactonic acid (XLIX), also obtained from Chenodeoxycholic acid 

is a coprostane derivative,®'^ hence the C^-earboxyl group in (XLIX) is 
(a)-orientated, from which it follows that the C%hydroxyl group must also 
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be (a) -orientated. This is also true for cholic acid (L) which has been 
converted into chenodeoxycholic acid (XLVII) ; an improved conversion 


78 E. Femholz, Ayinalen, 1934, 608, 215. 

L. Kuzicka and A. C. Muhr, Helv. Chim, Acta, 1944, 27, 503. 

8® M. Ehrenstein and T. O. Stevens, J. Onj. Chem., 1941, 6, 908. 

81 M. Ehrenstein, ibid,, p. 626. 82 laem, ibid., 1943, 8, 83. 

88 E. M. Hicks, junr., C. J. Berg, and E. S. Wallis, J, Biol. Chem., 1946, 162, 633. 
8* 0. J. Borg and E. S. Wallis, ibid., p. 683. 

85 A. Windaus, Z. physiol. Ghem., 1926, 167, 181 ; 1932, 213, 180. 

8® W. Borsche and R. Franck, Ber., 1926, 69, 1748. 

8’ A. Windaus, A. Bohne, and E. Schwarzkopf, Z. physiol. Chem., 1924, 140, 177. 
88 T. Iwasaki, ibid., 1936, 244, 181. 
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(L XLVII), which preserved the 7(a)-hydroxy] group intact throughout, 

has recently been carried out.‘^^ 

Ursodeoxycholic acid is 3(a) : 7(Q)-dihydroxycholanic acid (LII), since 
by hypobromite oxidation it gives a 7-hydroxy -acid (LI), isomeric with 
(XLViri), which docs not yield a lactonic acid.^^ 


HO 



(’OJl 
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HOgC IT OH 



(LI. 


(LII.) 


Autoxidation of cholesterol (and other A^-steroids) in aqueous colloidal 
solution gives the epiineric 3(fi) : 7-dihydroxyeholestenes (and analogous 
compounds); the 7 p ’’-compound had previously been prej)ared,^^ and it 
now app(iars that the 7“ a ’’-compound, resulting from 7-ketocholesterol by 
reduction with aluminium t^opropoxide,®- is a mixture of epimerides con- 
taining up to 20% of the 7'U^ ’’“Compound ; the same may be expected to 
be true of one of the cpimeric 3(a) : 7-dihydroxycholestene8.®^ Although 
one of the epimeric 3(p) : 7-dibenzoyloxychole8tcnes should be subject to 
steric hindrance at C^, both by treatment with cold sodium methoxide 
give 7-monobenzoates.^^* Differences in reactivity arc disclosed in 
elimination reactions, wherein the 7“a ’’-compounds readily give cholest-7-ene 
derivatives, whilst the 7“ p ’’-compounds are resistant.^^' 

There is thus no direct evidence upon which an assignment of con- 
figuration at C -7 in the sterol series can be based ; a correlation with the 
known orientation of the 7-hydroxyl group in the bile acids (XLVII), (L), 
and (LII) is much to be desired. Indirect evidence based on optical rotatory 
powers permits, however, a provisional allocation. Wintersteiner and 
Moore gave the epimeric 3(p) : 7 -dihydroxy cholestane with the more 
positive rotation the “ a ’’-configuration ; they unfortunately expressed 
this arbitrary assignment not by use of the usual trivial index “ a ”, but 
by employment of the expression (a), in which the parentheses should 
denote established spatial orientation. It appears that their arbitrary as- 
signment of configuration, and also that of Windaus and Naggatz for the 


»» S. Kawai, Z. physiol. Chem., 1933, 214, 71. 

•0 O. Wintersteiner and S. Bergstrom, J. Biol. Chem., 1941, 137. 785; 1941, 141, 
597; 1942,143. 503. 

T. Barr, I. M. Heilbron, K. G. Parry, and F. S. Spring, J.y 1936, 1437. 

A. Windaus, H. Lettro, and F. Srhenk, Annalen, 1935, 620, 98; U.S.P. 2,098,985 
(1937). 

O. Wintersteiner and W. L. Ruigh, J. Amer. Che?n. Soc., 1942, 64, 2453. 

A. Windaus and J. Naggatz, Armalen, 1939, 642, 204. 

O. Wintersteiner and W. L. Ruigh, J. Amer. Chem. Soc., 1942, 64, 1177. 

O. Wintersteiner and M. Moore, ibid., 1943, 65, 1507. 

L. Ruzicka, V. Prelog, and K. Tagmann, Helv. Chim. Acta, 1944, 27, 1149. 

•* O. Wintersteiner and M. Moore, J. Amer. Ohem. Soc., 1943, 66, 1503. 
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7-epimeric 3(a) ; 7-dihydroxychole8t-5-enes, and of Reichstein and Fuchs®® 
for the 7-epimeric methyl 3(P) : 7-diacetoxy8etio-5-aMocholanates should be 
reversed. The molecular rotations of (a) lithocholic, chenodeoxycholic, 
and ursodeoxycholic acids are + 121°, + 49°, and + 224° and (b) 3(P)- 
hydroxy-, 3(p) : 7“ p ’’-dihydroxy-, and 3(p) : 7‘' a”-dihydroxycholestane are 
+ 89°, and + 33°, and 214°. The [M]jy differences for reversal of con- 
figuration at C7 are (a) + 175° ; (6) + 181° ; for the introduction of epimeric 
7-hydroxyl groups, the contributions by difference are : (a) — 72°, (6) — 56°, 
and (a) + 103°, (b) + 125°. Clearly, if analogies concerning optical rotatory 
power can be drawn between the coprostane and the cholestane series, the 
indices extant for in the latter must be reversed. Plattner and Heusser 
have drawn attention to the discrepancy, whilst such reversal has been 
accepted by Reichstein and Grand. On this basis, it is not, however, 
possible to account for the relative ease with which 7(p)-epimerides [7(p)-sub- 
stituent/8-H : cis] give cholest-7-cne derivatives by elimination, whilst the 
7(a)-epimerides [7(a)-substituent/8-H : trans] are resistant. In the cholic 
acid series where the relation, 7(a)-OH/8-H : trans, is established, dehydration 
under very mild conditions to chol-7-ene derivatives has been observed.^®® 
The analogous epimeric 3(p) : 7-dihydro xycholest-5-enes ®^>®^ and their 
derivatives fall into two series showing respectively positive and negative 
specific rotations : ®® owing to the possibility of vicinal ” action,^^ the 
evidence here is less clear but it seems probable that the epimeride with 
Wd + 7° is the 3(p) : 7(p)-compound and the epimeride with [a]ij — - 87° 
is the 3(p) : 7 (a) -compound. If this allocation should prove correct, 
the dextro-“ a and laevo-^ p ”-chole8t-5-enetriols are respectively 
3(p) : 4(p) : 7(p)- and 3(p) : 4(p) : 7(a)-trihydroxycholest-5-ene. Whilst 
3(p) : 7(a)-diacetoxycholest-5-ene and 3(P) : 7(P)-diacetoxycholest-5-ene may 
be subjected to alkaline hydrolysis and the products reacetylated using 
acetic anliydride-pyridine at 20° with complete preservation of individu- 
ality,®'^ treatment of either epimeride with hot acetic acid gives the same 
mixture of both epimerides. This appears to result from triad anionotropy ; 
each epimeride singly gives rise to the flattened mesomeric cation (LIII; 
R = Ac) from which both epimerides (LVa), (LVb) can be derived by 
recombination with an acetate anion at C^. Under other conditions co- 
ordination of an anion occurs at C5; thus 3(p)-acetoxy-7“ p ’’-bromo- 
cholest-5-ene by alkaline hydrolysis is converted via (LIII ; R — H) into 



3(p) : 5-dihydroxycholest-6-ene (LIV), hydrogenated to the saturated diol 

•• T. Reichstein and H. G. Fuchs, Helv. Chim, Acta, 1939, 22, 1160. 

R. Grand and T. Reichstein, ibid., 1945, 28, 344, 346, footnote 2. 

V. A. Petrow and W. W. Starling, J., 1946, 749. 
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(XL), non -production of the analogous coprost-G-ene compound being in 
accordance with theoretical expectation (Henbest and Jones, loc. cit.,, in 
footnote).* 

Position Cg and — Tlie junction of rings B and C is regarded as irans- 
to fit the requiri^ments of X-ray measurements,^ but Bernal states “ this 
determination lias not anything like the certainty of that of the parallel 
decision in the case of the cis- and /mTi^-liexahydrochrysenes. In the 
completely reduced ring-system there is much greater freedom of move- 
ment and models can be constructed with a ci.s- central junction nearly as 
flat as those where the junction is trans. But where one ring is aromatic 
as in cestrone, the more rigid conditions hold and here it is certain that the 
central junction must be trans He also states tliat to keep the molecule 
flat the angular methyl group at must in general be trans to the hydrogen 
atom at i\. 

The suggestion of ci.v-B/C ring-fusion has been made in the case of only 
two natural products. B,. Tschesche and K. Bohle converted sarmento- 
genin into a dehydrolactone also obtained from digoxigenin ; they regarded 
these aglycones as isomeric; 3(a) : 11 : 14-trihydroxy-corapounds and referred 
the isomerism to a cis-B/C ring-union in sarmentogenin. Digoxigenin is, 
however, a 3(a) : 12(p) : 14-trihydroxy-comi3ound, oxidised by chromium 
trioxide to a 14-hydr()xy-3 : 12-diketone, whereas sarmentogenin under 
identical conditions yields an isomeric 14-hydroxy -diketone. It is clear 
that sarmentogt;nin must differ from digoxigenin apart from epimerism, 
but that the assumption of a cis-B/C ring-fusion is no longer necessary. 

R. E. Marker et have suggested that a cis-B/C linkage is present 
in their urane-derivatives, but as their several papers exhibit serious incon- 
sistiuicies, this claim need not at present further be considered. 

Position Cji and — The extraordinarily unreactive 11 -hydroxyl group 
characteristic of some of the natural cortical steroids was originally assigned 
the (p) -configuration because that configuration, in contrast to the 
(a) -orientation, is greatly hindered by both the angular methyl groups at 
Cio and 0^3. 

Subsequently, e]hmeric 11:1 2-oxides (A and B) were obtained ; (A) 
from A^Lcompounds (LVI) by filtration of the bromohydrins derived there- 
from over aluminium oxide, and (B) directly from (LVI) by use of 

Ber., 1936, 69 , 793, 2497. 

A. Katz and T. Keichstein, Pharm. Acta Helv.^ 1944, 19 , 231. 

J. Amer. Chem. Soc., 1938, 60 , 210, 1061, 1559, 1561. 

T. Keichstein and C. W. Shoppee, “ Vitamins and Hormones”, New York, 1943, 

j). 345. 

H. Keich and T. Keichstein, Helv. Chim. Acta^ 1943, 26, 562. 

G. H. Ott and T. Keichstein, ibid.^ p. 1799. 

* Since this report was written, the compoimds formerly regarded as 3(^3) : 5-di- 
hydroxychole8t-6-ene and 3(^) : 5-dihydroxycoprost-6-ene (V. Prelog, L. Ruzicka, 
and P. Stein, Helv. Chim. Acla^ 1943, 26 , 2222) have been shown to be the 7-methyl 
and 7-ethyl ethers respectively of 3(j3) : 7“ jS ’’-dihydroxycholest-S-one (LVa or LV6, 
with OH for OAc) (H. B. Henbest and K. H. H. Jones, Nature^ 1946, 158 , 950). 
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perbenzoic acid.^®®- The oxides (A) and (B) by h^^drogenation gave 

respectively 11- and 12-hydroxy-compoiinds, the latter being identical 
with derivatives of deoxy cholic acid. At that time (1943 — 46), deoxy cholic 
acid was regarded as a 1 2(p)-hydroxy-compoiind, and the oxides (B) were 
therefore regarded as having the 110) • 120)-conlignration, whilst the oxides 

(A) were assigned the 11(a) : 12(a)-configu ration. It has now been proved 
(vide infra) that the 12-hydroxyl group in deoxycholic acid is (a)-orientated ; 
hence the configurations formerly assigned to the ey)imeric oxides (A) and 

(B) must be inverted, and (A) and (B) are respectively (LVII) and (LVIII). 

The 11 -hydroxy- compounds derived from (LVll) are identical with those 
obtained by reduction of the ll-keto-componnds synthesised by the 
method of H. Reich and T. Reichstein ; from one of these cortico- 

sterone has been synthesised, so that corticosterone and the natural 
cortical substances with a hydroxyl group at (oxce])t substances C and 
R * which have not yet been shown to belong io the same stereochemical 
series in respect of Cji as their congeners) have the (fi)-conliguration at that 
position. 
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The ll(a)-epimeride of corticosterone was obtained by T. Reichstein 
and C. W. Shoppee under conditions which imply its resistance to 
dehydration; recently I l(a)-hydroxy -steroids have been synthesised, and 
differ from the ll(p)-epimerides, which are readily dehydrated but 
acetylated with extreme difficulty,^'® by being resistant to dehydration 
and acetylated with relative ease. The 1 1(a) : 12(a)-oxide (LTX) undergoes 
acetolysis to give (LX; R' ~ R‘^ — H), the 11 (p) -hydroxyl group of which 
resists hydrolysis; an improved preparation leads to (LX ; R' “ Ac, 
R2 -- Me), oxidised by chromium trioxide to (LXI). The 1 1 (p)-acetoxyl 
group of (LXI) undergoes hydrolysis on account of activation by the 12-keto- 

108 jj Press and T. Reichstein, Helv. Chim. Acta^ 1942, 25, 821. 

T. F. Gallagher and W. P. Long. J. Biol. Cheni., 1946, 162, 495. 

B. F. McKenzie, W. F. McGuckin, F. Warren, E. C. Kendall, ihid.y p. 656. 

Ill A. Lardon and T. Reichstein, Helv. Chim. Acta, 1943, 26, 586. 

11® For an excellent summary of this method see F. S. Spring, Ann. Reports, 1943, 
40 , 151. 

11® J. von Euw, A. Lardon, and T. Reichstein, Helv. Chim. Acta, 1944, 27, 1287. 

11* Ibid., 1943, 26, 586. 

115 C. W. Shoppee, ibid., 1940, 23, 740. 

11® M. Steiger and T. Reichstein, ibid., 1937, 20, 817. 

11’ T. F. Gallagher and W. P. Long, J. Biol. Ghem., 1946, 162, 511, 621. 

* Shortly after this report was written, the hydroxyl group at On in substance R 
was shown to be (jS)- orientated (J. von Euw and T. Reichstein, Helv. Chim. Acta, 1947, 
30 , 205). 
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group to give the acid (LXIl). Treatment of (LX ; Ri ~ Ac, = Me) 
with hydrazine gives the hydrazido-hydrazone (LXIII) [the ll(p)-acetoxyl 



(LIX.) (LX.) (LXI.) 

group resisting hydrolysis], Wolff-Kishner reduction of which proceeds 
with inversion of configuration at to give, after esterification, methyl 
3(a) : ll(a)-dihydroxycholanate (LXIV) accompanied by methyl litho- 
cholate, methyl lithochol-ll-enate, and other products. The ll(a)-hydroxyl 
group of (LXIV) resists dehydration with hydrochloric-acetic acid, but is 
readily acetylated and the acetate readily hydrolysed. Wieland-Barbier 



(LXII.) (LXIII.) (LXIV.) 


degradation of (LXIV) leads to 3(a) : ll(a)-dihydroxy8etiocholanic acid 
(LXV),ii® also obtained from ijetiodeoxycholic acid.i*^^ 

Addition of hydrobromic acid to the oxide i®^ (LIX) similarly gives the 
ll(fi)-bromohydrin (XLVI), oxidised by chromium trioxide to the 11(P)- 
bromo-12-keto-ester (LX VII), which is identical with that one of the pair 
of epimerides previously obtained as the minor product by bromination of 
methyl 3(a)-acetoxy-12-ketocholanate i^i (LXVIII). The ll(fi) -posit ion 
being extremely hindered, bromination of (LXVIII) yields little of the 
ll(P)-bromide (LXVII) and much of the ll(a)-bromide (LXIX) ; the 
reactivity of these bromides with pyridine and collidine agrees with the 
configurations assigned.i®®' i^i - 122 

Since alkaline hydrolysis of the bromides (LXVII) and (LXIX) should 
proceed by mechanism 8^2 and so be subject to steric hindrance, replace- 
ment should occur in both with inversion of configuration® but at widely 
different rates [11((3)^ 11(a)]. This is so, since the ll(P)-bromide (LXVII) 
with N/2-aqueou8-alcoholic potassium hydroxide at 20° rapidly undergoes 
inversion to give the 3(a) : ll(a)-dihydroxy-12-keto-acid (LXX), whilst 

H. B. Watson, Ann. Reports, 1938, 85, 246. 

W. P. Long, C. W. Marshall, and T. F. Gallagher, J. Biol. Chem., 1946, 166. 197. 

180 Gallagher, ibid., p. 211. 

E. Seebeok and T. Beichstein, Helv. Chim. Acta, 1943, 26, 636. 

H. B. Alther and T. Beichstein, ibid., p. 492. 
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under the same eonditions the 1 l(a)-bromide (LXIX) slowly undergoes 
inversion to yield the 3(a) : 1 l((B)-dihydroxy-l 2-keto-acid (LXII) ; 
wliereas (LXX) readily gives a 3(a) : ll(a)-diacetate, (LXII) forms only a 
3(a)-monoacetate. 



(LXV.) (LXVI.) (LXVTT.) 


AeO 



^\|A| CO.Mo 

\ / 



1 H 1 J1 

■Cl 

y\xi — 

J " 

/ 



k/ 


AcO 


(LXVI II.) 


II 

(LXIX.) 


HO 


H 

(LXX.) 


WollF-Kishner reduction of the H(a)-hydrox 3 ^-aei(i (LXX) gives the 
same products as are obtained from the ll(p)-hydroxy-acid (LXII), in 
particular the 3(a) : 1 l(a)-diliydroxy-acid (LXIV). To account for inversion 

of configuration at in tlie reduction (LXII >LXIV), it is suggested 

that the equilibrium : 


3(a) : U(/?). 
Tliiiydroxy- 
(diolanie reduction 
aoid 

(LXXI.) 


HO 


NIL. 
N 

II 


[Hf 


H 


HOj 

/ 


NH., 

iNlHl 


H 


NIL 

N “ 3(a):lJ(a)- 

HO li , l>iliydroxy. 

^ '.yXl/ reduction oholanio 


is established in the presence of ethoxide ions at 200°. It is shown that 
the 3(a) : ll(a)-dihydroxycholanic acid (LXIV) is stable under these con- 
ditions, and it is suggested that the apparent non-production of the 
epimeric 3(a) : ll(fi)-acid is due to elimination of the 1 1 (p) -hydroxyl group 
by dehydration. The 3(a) : 1 l(p)-epimeride (LXXI) of (LXIV) is 
known,^®"^' and is dehydrated as the 3-monoacetate methyl ester by 



(LXXI.) (LXXII.) (LXXITI.) 

thionyl chloride-pyridine at 20° or phosphorus oxychloride-pyridine at 
20° to methyl 3(a)-acetoxychol-9(ll)-enate (LXXII). The setioanalogue of 

T. F. Gallagher and W. P. Long, J. Biol. Chem., 1946, 162. 521. 
ia4 T. F. Gallagher and V. P. Hollander, ibid., p. 633. 
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(LXX) ^20 t)y Wolff-Kishiier reduction similarly gives only the 3(a) : 11(a)- 
dihydroxya)tiocholanic acid (LXV) together with 3(a) : 11 : 1 2-trihydroxy- 
jBtiocholanic acids. 

Neither (LXll) nor (LXX) is identical with the acid thought by Marker 
and Lawson to be a 3 (a) : 11 -dihydroxy- 12-ketocholanic acid; this acid 
has been found 127, 128. i 29 3 (a) : 12(p)-dihydroxy-ll-ketoeholanic 

acid (LXXIII). It is obtained from both the opimcric bromides (LXVII) 
and (LXIX) by vigorous treatment with potassium hydroxide. As by- 
products of these investigations several 3 (a) : 11 : 12-trihydroxycholanic 
acids are obtained; all four acids epimcric at and are now known 
and configurations liave been assigned to each. The setio- 
analogue of the acid (LXXIII) has been obtained from 3(a) : 1 l(a)-dihydroxy- 
12-ketoa3tiocholanic acid (setio-LXX) by treatment at 20° with 2N-potassium 
hydroxide.^ 

Deoxycholic acid, previously considered on the basis of Giacomello’s ^ 
X-ray crystallographic measurements to be 3(a) : 12(p)-dihydroxycholanic 
acid (LXXIV), and during the period 1943 — 4G regarded as 3(a) : 12(p)- 
dihydroxy-lV-i^ocholanic acid (LXXV), has now been proved to be 
3(a) : 1 2(a) -dihydroxy cholanic acid (LXXVI) ; the other known bile acids 
possess corresponding constitutions. 

Rcichstein et observed that 12-keto-steroids by hydrogen- 

ation with Raney nickel in alkaline solution give preferentially 12-ej9i- 
hydroxy-compounds, the l2(p)-hydroxy-epimerides. By use of this 

observation M. Sorkiri and T. Rcichstein synthesised 1 2-epf-20-n-bisnor- 


HO 



HO 


COM 


COM 


(LXXIV. 


HO H 

(LXXVI.) 


deoxycholic acid (LXX VII) and 12-epi-20-i6Y>bisnordeoxycholic acid (LXXIX) 
and found them under drastic conditions to give 8-lactones (LXXVIII) 



(LXXVll.) (LXXVIII.) (LXXIX.) (LXXX.) 


R. E. Marker and E. J. Lawson, J. Atner, Chem. Soc.y 1938, 60 , 1334. 

T. F. Gallagher, J. Biol. Chem.y 1946, 162, 539. 

O. Wintersteinor, M. Moore, and K. Reinhardt, ibid., p. 707. 

E. Berner and T. Reichstein, Helv. Chirn. Acta^ 1946, 29, 1374. 

129 X. F. Gallagher and E. Borgstrom, J. Biol. Chem.y 1946, 164 , 791. 

M. Sorkin and T. Reichstein, Helv. Chim. Acta, 1943, 26 , 2097. 

181 Wennor and T. Reichstein, ibid., 1944, 27, 965. Ibid., p. 1631. 
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and (LXXX), which were quantitatively reconverted into the parent acids 
by hydrolysis with potassium carbonate. The Cjg-bydroxyl group and the 
Cj 7 -side chain must therefore lie on the same side of the general plane of 
the ring- system in these 12 -epi-acids and on opposite sides in natural deoxy- 
cholic acid. This conclusion was supported by an examination of the 
behaviour of the methyl esters of the 12 -<»jpi-acids (LXXVII), (LXXIX), 
20 -n-bisnordeoxycholic acid (LXXXI), and 20 -i 5 obisnordeoxycholic acid 
(LXXXIII) with phenylmagnesium bromide. Dehydration of the diphenyl- 
carbinols obtained from the esters of the 12 -ii-acid 8 (LXXXI) and 
(LXXXIII), which results in disappearance of the centre of a 83 rmraetry at 
Cgo* gave the same diphenylethylene (LXXXII) but no trace of a cyclic 
oxide. Similar dehydration of the diphenyl car binds resulting from the 
12-6pi-acids (LXXVII) and (LXXIX) gave the diphenylethylene (LXXXV) 
together, in the case of (LXXVII), with the cyclic oxide (LXXXIV). 


Me (’OjH 

Me CPhj 

Me CO,H 

HO \/ 

HO 


: |20 

xkiA — > 

A|^ 

: 20 
("A 

/\/! 

Yh 


A/: 

'^Yh 

1 H 

(Lxxxr.) 

(LXXXII.) 

(LXXXIII.) 

Ph.O Mo 

o/\/ 

20 


Me UPhj 


HO 

(LXXVII) — > /\|A -1 

(LXXXV) 

AlA (LXXIX) 

/VH 


/\1A 

1 H 


T w 

(LXXXIV.) 


(LXXXV.) 


Giacomello’s formulation (LXXIV) of deoxycholic acid is therefore 
wrong, but because Sorkin and Reichstein regarded his X-ray evidence 
as stronger in respect of the Cja-orientation, they preferred to formulate the 
compounds (LXXVII—LXXX) as (LXXVIIa—LXXXa). 

Me CO 2 H CO Me Me CO^H CO Me 

HO \X {V\/ HO 0'^\y 



(LXXVIIa.) (LXXVIIIa.) (LXXIXo.) (LXXXo.) 


M. Sorkin and T. Reichstein have examined the capacity for y-lactone 
formation of the four possible aetiodeoxy cholic acids (LXXXVI, LXXX VII, 
LXXXVIII, and LXXXIX) differing in configuration at and 
Neither aetiodeoxy cholic acid (LXXXVI) nor 12-e^iaetiodeoxy cholic 


M. Sorkin and T. Reichstein, Uelv. Chim. Acla, 1946, 28, 876. 

Ibid., 1946, 29, 1218. 

W. M. Hoehn and H. L. Mason, J. Amti. Chem. Soc., 1938, 124, 469 j E. von Arx 
and T. Reichstein, Helv. Chim. Acta, 1940, 23, 747. 
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acid (LXXXVII) yields a y-lactone under drastic conditions. By 
cpimerisation with sodium methoxide,^^® these two acids have been con- 
verted into 17-Ls'oa3tiodeoxycholic acid (LXX XVIII) and \2-ejpi-\l 480- 
a3tiodeoxycholic acid (LXXXIX) respectively. The latter cannot be 
lactonised, but (LXXXVIII) ])asses into the y-lactone (XC) with extreme 
ease. The lactone (XC) is also produced quantitatively by sublimation in 
a high vacuum of the methyl ester of the acid (LXXXVIII), and is recon- 
verted into the parent acid by hydrolysis with potassium carbonate. 


HO yOa'I 

HO (’OjH 

HO ('OjR 

[ 1 






1 H 
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1 H 
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O—CO 
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rH7o 

M 
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# • 

i i 
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(XC.) 

i 
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No lac tone. 


No lactone. 


No lactone. 


It might be thought that, by analogy Avith the higher homologues 
(LXXVII) and (LXXIX), the acid (LXXXVII) should lactonise under 
sufficiently drastic conditions; apparently, the C^jj-angular methyl group 
here constitutes an additional and unsurmountable obstacle. 

The new formula (LXXVI) for deoxycholic acid has recently been 
proposed by Long and Gallagher on entirely different grounds and by 
reference to the centre of asymmetry at the stereochemical relationship 
of which to the angular methyl group at is rather well established (see 
p. 217) ; their experimental results demonstrate the intermediate formation 
of ll-halogeno-12-liydroxy-compounds in the catalytic reduction in presence 
of halogen acid (HX) of the oxide (LTX; cf. LVIIT) to derivatives of 
deoxycholic acid.^^^ The structure of this intermediate (when HX = HBr) 
is known 121 to be (LXVI), on account of its conversion by oxidation 

into the ll(p)-bromo-ketone [(LXVII) ; Cji-Br/Cg-H, trans] which by 
treatment with hot pyridine for 3 hours gives an excellent yield of methyl 
3(a)-acetoxy-l2-ketochol-9(ll )-enate, whereas the ll(a)-epimeride (LXIX ; 
C,,-Br/C9-H : cis) is recovered unchanged under these conditions. The 
Ci 2 -hydroxyl group in deoxycholic acid must accordingly have the same 
(a) -orientation as the Cja-hydroxyl group in (LXVI). The rates of alkaline 
hydrolysis (8^2) of 12-acetoxyl groui)S [12(p) > 12(a)] found by Koechlin 
and Reichstein are discordant, since a 12(p)-acetoxyl group should be 
more hindred by the Cig-angular methyl group than a 12(a)-acetoxyl group 


M. Sorkin and T. Reichstein, Helv. ('him, Acta, 1946, 29, 1209. 
C. W. Shoppee, Chem. and Ind., 1947, 109. 
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(cf. p. 204) ; but, as the authors point out, it is possible that the observed 
steric hindrance is due to the long side-chain at rather than the angular 
methyl group at 0 ^ 3 . 

Positions — There is as yet no X-ray evidence on the junction 

between rings C and I), but chemical evidence indicates that ring-fusion 
is trans in the bile-acids and the sterols. Natural steroids generally 
have been regarded as having a trans-Qj\^ union, and, the Cj 3 -methyl group 
being by convention (p) -orientated, ( h)-a\strone has commonly been 
represented by (XCl). 

Irradiation of ( + )-cestrone (XCl) with monocliromatic ultra-violet light 
of wave-length 313 mg leads by an irreversible one-quantum ])rocess with 
inversion at C ^3 to lumicnstrone (XCll),^'*^ whilst androsterone gives lumi- 
androsterone.^^^ Only configuration at 0^3 is alter('d for, if inversion 
occurred also the product would be the as yet unknown ( - )-oestrone, 


ho! 


j !l I 

[a]i, -I- I4r, 
(XCIII.) 



(1 


o 


[aju - 42-5°. 
(XCJI.) 


27U- I I _ 

'v/ 

Hol li J ^ 

[a]j) - 147°. 
(XCIV.) 


Wd 158°. The 17-keto-group in (XCII) is very unrea(‘tivo, but Wolff- 
Kishner reduction gives 17-deoxylumioestrone, which cannot bo obtained 
by irradiation of 17-deoxyoestrone. Dehydrogenation of ( + )-oestrone 
(XCl) gives, surprisingly, not ( + )-equilenin, but (-f )-isoequileniri 
inversion of configuration at whilst the ])arallel experiment with lumi- 
oestrone (XCII) gives the enantiomorphoiis ( — )-^>ooquileni^ tmthout inver- 
sion at Cj 4 . Inversion must be assumed to ociuir in one of these deh^^dro- 
genations, even if ^soequilenin has, not as previously sup])osed a cfs’-C/D- 
union (XCIII, XCIV), but the trans-CjD -union hitherto attributed to 
equilenin (XCVII) by analogy with cestrone (XCl). 

The stereochemical problem of the structure of equilenin and ^s’oequilenin 
also appears in connexion with the bisdehydromarrianolic and bisdehydro- 
doisynolic acids. (-|-)-Qistronc (XCl) gives ( + )-marrianolic acid (XCV), 
convertible into the highly oestrogenic (-} )-doisynolic acid (XCVI) ; (4-)- 
equilenin (XCVII) gives a (+)-“ p ’’-bisdehydromarrianolic acid (XCVIII), 

188 jj Wieland and K. Dane, Z. physiol, Chem,, 1933, 216, 91. 

K. Dimroth and H. .Tonason, J5er., 1941, 74, 520. 

A. Butenandt, A. Wolff, and P. Karlson, ibid.^ p. 1308 ; A. Butonandt, W. Fried- 
rich, and L. Poachmann, ihid.^ 1942, 75, 1931 ; A. Butenandt and L. Poschmann, ibid.t 
1944, 77, 392. 

A. Butenandt and L. Poachmann, ibid.f p. 394. 

W. E. Bachmann, W. Cole, and A. L. Wilds, J. A 7 ner. Chem. Soc., 1940, 62. 824. 

K. Miescher et aL, Helv. CJmn Acta, 1944, 27. 1727; 1945, 28, 156, 991, 1326, 
1506; 1946, 29, 586, 859, 1071, 1231, 1889, 1894. In the earlier papers, the prefixes 
“ n ** and “ iso ” were used but have been superseded by “ a ” and “ /S ” respectively. 
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but this is converted by the same reaction sequence into the almost non- 
(Bstrogenic ( + )-“ P ’’-bisdehydrodoisynolic acid (XCIX), and similarly the 
racemic “ a ’’-bisdehydromarrianolic acid (C), from which Bachmann et 
synthesised racemic t-soequilenin (XCIII and XCIV), yields the intensely 
oestrogenic racemic “ a ’'-bisdehydrodoisynolic acid (Cl). 
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Retention of the existing formulfe for the doisynolic acids (XCVI, XCIX, 
and Cl), whereby the biologically active acids (XCVI and Cl) have the 
same configuration at C^ and Ca2, requires {a) inversion at C^^ in the last 
two conversions but not in the first conversion, or (b) that the formulae 
(XCVII) and (XCIII + XCIV) j^reviously attributed to equilenin and 
tsoequilenin respectively must be interchanged, corresponding configur- 
ational adjustments being made to formulae (XCVIII) and (C). 

From the proof that the C^^-side chain in the bile-acids is (p)-orientated, 
together with the evidence adduced by C. H. Carlisle and D. Crowfoot 
that this configuration is also present in cholcsteryl iodide, it follows that 
the C^y-side chain in the sterols, the steroid sapogenins,^^^ progesterone, 
corticosterone and its congeners, and the Digitalis heart poisons is (p) -orient- 
ated. For the Digitalis compounds (CII), it is necessary therefore to 
assume either that the Ci4-hydroxyl group is also (p) -orientated, i.e., that 
rings C and D are cis-fused, to permit the formation of isoglycosides and 
i^oagly cones (CII ■ — CIII), or that the previously suggested mechanism 
of the irreversible formation of such i^olactones is incorrect. The second 
alternative seems improbable in view of the formation from gitoxigenin 


Proc. Roy. Soc., 1945, A, 184, 64. 

R. E. Marker and D. L. Turner, J, Amer. Ghem. Soc., 1941, 63, 707. 
C. W. Shoppee, Ann. Rev. Biochem., 1942, 11, 125 et aeq. 

K. Meyer, Helv. Chim. Acta, 1946, 29, 718. 
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(CII; R “ OH), whi(;h has been proved to possess a 16-liydroxyl group, 
of two isomeric i^olactones (GUI; R — OH) and (CIV). Ruzicka et 
take the first view : “ Die natiirlichen Aglykone, fiir welche normale Lage 
der Butenolid-Gruppe uiid c^^9-Stellung des Hydroxyls zur letzteren auf 
Grund ihrer Umsetzungen abgeleitet werden kann, eiitsprechen demnach 
dem Typus der Verbindung (Oil) 


CO 



(CIU.) 


J'O 


/r 

OH 




R 


OU 


_/ 


(CJJ.) 


OH 

(CIV.) 


Recently, numerous steroids containing a cis-C/D-ring union have been 
synthesised, but before considering them it is necessary to deal with the 
synthetic production of 17(a)-substituted steroids termed 1 7 compounds.* 
The 17-is'o-ket()nes (CV), (CVI), and 17-i5oprogesterone were obtained 
by Butenandt et wliilst 1 7 -u'odeoxy corticosterone (CVII) was 

synthesised and degraded to the 17-is*o-acid (CVITI) by C. W. Shoppee,^^^ 
who found that whilst (CVll), like (CV) and (CVI), was readily and almost 
completely epimerised at C^^ by hydrogen ions to give the ]7-7i-ketone, 
neither (CVIII) nor its methyl ester could bo epimerised at by hydroxyl 


COMe COMe CO*CH,-OH COj,H 






(CV.) (CVI.) (CVII.) (CVIII.) 

ions. J. von Euw and T. Reichstein,^^^ however, observed that Wolff- 
Kishner reduction of methyl 3-kctoa^tio-5-aZZocholanate (CIX) gave ordinary 



H H H 

(CIX.) (CX.) (CXI.) 


1*8 K. Meyer, Helv. Chim. Acta, 1946, 29, 1580. 

!*• P. A. Plattner, L. Ruzicka, H. Heusser, J. Pataki, and K. Meier, ibid,, p. 946. 

1*^® A. Butenandt and L. Mamoli, Ber., 1935, 68, 1847. 

A. Butenandt and G. Fleischer, ibid., 1937, 70, 90; A. Butenandt, J. Schmidt- 
Thom6, and H. Paul, ibid,, 1939, 72, 1112. 

162 Helv. Chim. Acta, 1940, 23. 926. i68 Ibid., 1944, 27, 1851. 

♦ When the 17 -substituent is not separately specified in the name of a compound, 
e.g., the 17-carboxyl group in setio-S-oWocholanic acid (CX), the usual suffix, (a) or (/S), 
cannot readily be used and the prefixes n- or are convenient. 
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setio-5-a?Zoeholanic acid (CX) accompanied by a little ll4so‘<iiiio-6-allo- 
cholanic acid (CXI). 

Sorkin and Reichstein showed that treatment of the methyl esters 
(CXII ; R ™ Me) and (CXIV ; R Me) with alkoxide ions in boiling 
alcoholic solution gives c(piilibriuni mixtures of the 17-epimeric acids — 
(CXn ; R - H), (CXIII); and (CXIV; R - H), (OX V)— respectively, in 
which the 17-w-acids predominate. The acid (CXI) has recently also been 
obtained from the methyl (ister of (CX) by treatment at 200^^ with ethoxide 
ions under pressure.^ ^ 



(CXIT.) ((^XIIl.) (CXIV.) (CXV.) 


Steroids containing a cis*-C/D-ring union have been synthesised as 
follows. Since hydrogenation of the difficultly accessible 14 ; 15-oxide of 
methyl 8(a) : 12(a)-diacetoxychol-14(15)-enate gave ambiguous results, 
methyl 3(P)-acetoxya3tio-5-ai/ochola-l4 : 16-dionate (CXVI) was prepared 
and found to react with only 1 mol. of perbenzoic acid to give the 14((ii) : 15(p)- 
oxide-ester (CXVII). Com])lote Iiydrogenation of (CXVIl) gives a 

mixture of four substances; the 14(a) : 17(f3)-ester (CXIX), the 14(p)- 
hydroxy-17(fi)-ester (CXX), the 14(fi)-hydroxy-17(a)-ester (CXXI), and the 
14(p) : 17(a)-ester (CXXJI). The ester (CXIX) is, of course, ordinary 
methyl 3(fi)-acetoxya3tio-5-aZ^ocholanate ; tlie ester (CXXII ; C/D-cw) is 
different from the methyl ester of the acid (CXIII ; C/D-trans) and has 
been converted by elimination of the 3(p) -hydroxyl group by three separate 
methods into methyl 17-i5oa)tio-5 : 14-(iiaZ^ocholanate * (CXXIV ; CjD-cis), 
which is different from the methyl ester of the acid (CXI : C/D-trans), a 
non-identity which can only arise from the stereochemical arrangement at 
Cj^. The esters (CXX) and (CXXI) are the first 14-hydroxy-steroids to be 
synthesised, and their preparation opens the way to the synthesis of the 
aglycones of the Digitalis group. They are dehydrated quantitatively, by 
<mn5-eliminatiori of the 14(fi)-hydroxyl group with the ajipropriate Cjg- 
hydrogen atom, to the 17-e})imeric A -esters (CXX VI) and (CXXVII) 
respectively ; these, on elimination of the centre of asymmetry at C17 by intro- 
duction of a Cjg. 17-doublc bond by treatment with V-bromosuccinimide,^^® 

H. Heusser, K. Meier, and L. Ruzicka, Helv. Chim. ActUy 1946, 29, 1250. 

P. A. Plattner, L. Ruzicka, and H. Holtermann, ibid., 1945, 28, 1660. 

L. Ruzicka, P. A. Plattner, H. Heusser, and J. Pataki, ibid.y 1946, 29 , 936. 

P. A. Plattner, L. Ruzicka, H. Heusser, and K. Meier, ibid., p. 2023. 

L. Ruzicka, P. A. Plattner, and H. Heusser, ibid., pp. 473, 727. 

* Ruzicka et use the terra 14-aKo- to describe compounds with a ci^-C/D ring 
union ; this may lead to confusion because the term 5-allo- has long been employed 
to indicate a trans- A/B ring fusion. 
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both give the original (CXVI), and the }>ositi()n assigned to the 

double bond at rather than ('^( 14 ) is furtlier supported by their ready 

hydrogenation to tlie esters (CXIX) and ((yXXI),res})ectively. The smootlj 
production of only the ester (CXXll ; C/I)-cis) by hydrogenation of 
(CXXVII) is remarkable and can only be attributed to the influence of the 
17(a)-orientated carbomethoxy-group. The ^^-ester (CXVI) by complete 
hydrogenation readily yields a mixture of the esters (CXIX) and (CXXII) ; 
apparently only c^s-addition of hydrogtm occurs. Partial hydrogenation 
of (CXVII) gives a single product which must have the stru(;ture (CXVIII) 
since further hydrogenation yields (CXXl) ; because in all previous cases 
hydrogenation of a -double bond has led to produ(‘ts with normal 

configuration at C 47 , the formation from (CXVII) of the 17-i>o-ester (CXVIII) 
is remarkable and must be attributed to the influence of the ]4(p) : ir)(p)- 
oxide ring. 
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Examination of models in regard to configuration at 0^4 and suggests 
that the 14(a) : 17(P)-ester (CX), the unknown 14(p) : 17(fi)-ester (CXXIII), 
and the 14(P) : 17(a)-ester (CXXIV) should be readily hydrolysed with 
potassium hydroxide (mechanism ^ 8 :^ 2 , which is subject to steric hindrance) 
whereas the 14(a) : 17(a)-ester (CXI) should be hydrolysed with relative 
difl&culty ; this is found to be so, for under the same conditions in 1 hour, 
48% of either (CX) or (CXXIV) but only 18% of (CXI) is saponified.^^ 
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Surprisingly, 14(a) : 15(a)-oxides are obtained when, instead of the 
doubly unsaturatcd ester (CXVl), the singly unsaturated esters (CXXVI), 
(CXXVII) are treated with per-acids. The 14(a) : 15(a)-oxides (CXXV), 
(CXXVIll) so obtained, in contrast to the 14(p) : 15(p)-oxides (CXVII), 
(CXVIII), cannot be cleaved by hydrogenation. 

The circumstance that hydrogenation of A^^-^^-dienes leads in part to 
14-ep^-17-^^so-compounds * [14(p) : 17(a), with aA-C/D-union] has been 

observed independently.^*'*^' Degradation of gitoxigenin yields the 
^l(p) : l()-diacetoxy-14(p)-hydroxy-ester (CXXIX) ; this is unaffected by 
anhydrous j)lios[)horus oxychloride”])yridine bub in tlie presence of a trace 
of water (!) is dehydrated to a mixture of mono- and di- unsaturated esters 
(CXXX) and (CXXXl), giving by hy(h*ogcnation respectively the 14-aWo- 
17-76‘o-ester (CXXXIl : R = Ac) and the IG-acetoxy-ester (CXXXIV). 
The structure of (CXXXIV) has been proved; the ester (CXXXIl; 
Ii -"™H; C/i)-c/‘.s*) is dilferent from the esters (CXIV, CXV ; C/l)-^mn 6 *), 
and by elimination of the oxygen atom at C 3 , yields methyl l4:-allo-[l-i80~ 
ajtiocholanatc (CX XXIII; A/B-cls*, C/D-cm'). 
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As a further consc!quence of the rectification of the formula of deoxy cholic 
acid, natural 1 7-hydroxy-20-ketones (e.gr., I7-hydroxyprogesterone, Reich- 
stein’s substances C, F, M, V, and L, P, S), and natural 17 : 20-diols (e.gr., 
Reichstein’s substances A, E, U, and J, K, O), all previously designated 
17“ p ’’-hydroxy- compounds, become 1 7 (a)-hydroxy -compounds. The partial 
syntheses of substances P and K do not lead to established configurations 
at € 3 ^ 7 ; they and those of substances J, O, L, and S all involve hydroxyl- 
ation with osmium textroxide of a A -intermediate and only assign 
these substances to the same stereochemical series, epimeric in respect of 

K. Moyer, Helv. Chim. Acta, 1946, 29. 718. K. Meyer, ibid., p. 1908. 

* Whereas Ruzicka et use the description 14-aZ/o-, Meyer used the term 

14-epi- for compounds with ci«-C/D-ring fusion, but has subsequently adopted 
Ruzicka’s usage. 
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the hydroxyl group at with that to which belongs the 3(p) : 
ciihydroxy-5-aZZoprt>gnane (CXXXVIl), obtained by treatment of 
androsterone with ethylmagnesium bromide or by hydrogenation of 
the 17-ethynyl compounds (OXXXV) and (CXXXVI) which constitute 
>99% of the products formed by addition of acetylene to 3(p)-hydroxy- 
androst-5-en-17-one and ^soandrostcrone respectively.^^- 
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The isolation of the traces (<1%) formed of tlie 17“ ’’-hydroxy- 
cpimerides (CXXXIX), (CXL) of (CXXXV), and (CXXXVI), and the 
degradation of (CXL) to the acid (CXLI) obtained from substance 
similarly only demonstrate that the natural cortical substances belong to 
the stereochemical series previously, arbitrarily, and incorrectly labelled 
17‘‘p ’’-hydroxy.* 

Ruzicka, Furter, and (^ioldberg examined the rates of alkaline hydrolysis 
(^5^2) of the l7-epimeri(; acetates of cis- and Zm?i5-dihydrotestosteronc and 
of and Zran^-testosterone, and assigned the 17(a)-hydroxy-configuration 
(Cj^ 3 -Me/Cj 7 "OH : trans) to more readily hydrolysed compounds. There 
appears, however, to be as yet no proof that such indices correspond with 
the revised indices of the natural and sjuithetic 17-hydroxy-compounds 
referred to above, although this seems very probable. 

Four oestriols epimeric at C^^ and C^^ should exist (CXLII — CXLV). 
Natural oestriol should be either (CXLII) or (CXLV) because its 3-methyl 
ether does not form an acetonide,i®^ and, contrary to the view of N. K. 

L. Ruzicka, M. W. Goldberg, and H. R. Rosenberg, Uelv. Chim. Acta, 1935, 18, 
1487; 1936,19, 357. 

T. Reichstein and C. Meystre, ibid., 1939, 22, 728. 

T. Reichstein and K. Gatzi, ibid., 1938, 21, 1185. 

1** D. A. Prins and T. Reichstein, ibid., 1940, 23, 1490. 

M. N. Huffmann and M. H. Lott, ./. Biol. Chem., 1946, 164, 785. 

♦ Unfortunately, (a) and (p), instead of trivial indices, “ a ” and “ p ” were 
employed. 



SHOPPEE : STEROIDS AND RELATED COMPOUNDS. 


231 


Adam et (CXLII) is regarded as the most probable configuration; 

natural cestriol has been obtained from oestrone in 25% yield. 
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A cis~3 : 16 : 17-trihydroxyoestra-l : 3 : 5-trieiie (CXLIII or CXLIV) 
has been synthesised by hydroxy lation of 3-benzoyloxyoestra-l : 3 : 5 : 1 6- 
tetraene with osmium tetroxide and subsequent hydrolysis ; since the rear- 
ward side of the relatively flat mstratetraene molecule is subject to less 
steric hindrance than the front face with the (p)-orientated Ci 3 -angular 
methyl group, the formula (CXLIII) is preferred. Huflmann and Lott 
state that they have handled an oestriol (by implication different from 
i^ooestriol A, vide infra), which very rapidly forms an acetonide; this may 
be idential with Ruzicka’s cpimeride (CXLIII) or may be (CXLIV). 
M. N. Huffraann and H. H. Darby converted cestrone via the 16-^so- 

nitroso-compound,^’^^ reductive hydrolysis,*^* and hydrogenation of one 
of the resulting a-ketols, into an epimeride (u'ooestriol A), which is different 
from natural cestriol (CXLII) and from Ruzicka’s epimeride (CXLIII) ; 
although no observations were made as to its capacity for acetonide form- 
ation, it may represent the fourth epimeride (CXLV). 

3(p)-Hydroxyandrost-16-ene by hydroxylation with osmium tcitroxide 
gives a ci5-3(P) : 16 :1 7-trihydroxyandrostanc (as CXLIII) ; this is different 
from the epimeride obtained by hydrogenation of 3(p) : 16 : 17-trihydroxy 
androst-5-ene isolated from urine, which has been synthesised from 
3(p)-hydroxyandrost-5-cm-17-one via the 16-i5onitroso-compound.*^®^ Ap- 
plication of optical superposition rules shows that natural a^-striol and 
the saturated triol from the natural androst-5-enetriol have the same con- 
figuration (CXLII) at Cjp, and Cj^ ; this supports the view that 

in vivo oestriol is derived from oestrone and the urinary androst-5-ene triol 
from 3(p)-hydroxyanclrost-5-en-l 7-onc (dehydroi.soandrosterone) by analogous 
processes. 

C. w. s. 


N, K. Adam, J. F. Danielli, O. A. D. Haslewood, anci G. F. Marrian, Biochem . «/., 
1932, 26. 1233. 

167 y Prelog, L. Riizicka, and P. Wioland, Helv. Chim, Acta, 1945, 28, 250. 

M. N. Huffmann and W. R. Miller, Science, 1944, 100, 312. 

J. Amer. Chem. Soc,, 1944, 66, 150. 

I’o F. Litvan and R. Robinson, J., 1938, 1997. 

171 p H. Stodola, E. C. Kendall, and B. F. McKenzie, J. Org. Chem., 1941, 6, 841. 
L. Ruzicka, V. Prelog, and P. Wieland, Helv. Chim. Acta, 1945, 28, 1609. 

H. Hirachmann, J. Biol. Chem., 1943, 150, 363. 

G. F. Marrian and G. C. Butler, Nature, 1944, 154, 19; Biochem. J., 1944, 38, 

322 . 

W. H. Pearlmann and G. Pincus, J. Biol. Chem., 1943, 147, 379. 
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6. Heterocyclic Compounds. 

Reduced Heterocyclic Rings. 

A. Piperidines and Pipe.ridones . — Much of the recent work in this field 
has been inspired by the (picst for analgesics modelled on morphine and 
pethidine (dolantin). 

C. F. Koelsch’s ^ synthesis of 3 : 4-disubstituted piperidines from y-cyano- 
esters [e.g., the reductive ring-closure of ethyl 3-cyano-3-phenyl-2-m-amino- 
phenylbutyrate to the piperidonc (I) has been modified by W. Barr and 
J. W. Cook,^ who find that reduction of (II) by copper chromite in presence 
of an alcohol involves A^-alkylation by the alcohol and leads to 1:3- or 
1:3: 4-siibstituted compounds (HI). The following are examples of the 
conversion of (II) into (HI) : (a) R — R' — Ph, R" ~ H, R'" ™ Me, Et, 
Bu“; (6) R — COgEt, R' Ph, R" H, R'" ^ Et [this compound was 
accompanied b}" the piperidonc (IV)] ; and (c) R — H ; R' - [OHoj 3 'OEt, 
R" - Ph, R'" - Et [from (II; R - H, R' - R" - Ph)]; 

the decahydro^5oquinoline (V) was obtained from 2 -acetylcycZohexyl benzyl 
cyanide. A formally similar ring-closure involving simultaneous debenzyl- 
ation and elimination of ammonia was observed by F. Bergel and his co- 
workers.^ Hydrogenolysis in presence of palladised charcoal of compounds 
of type (VI) gave rise to (VII), i)yrrolidincs (n 1) as well as piperidines 
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(n — 2) being obtainable by this reaction; examples of (VII) are ~ 1, 
R = H, R' - Me ; and n -= 1 and 2, R ^ COgEt, R' Me. If R' = 
CHgPh, double debenzylation occurs, leading, for instance, to (VII, w — 2, 
R COgEt, R' H). 

The Eisleb ^ method of piperidine synthesis by double alkylation of a 
reactive methylene group with an alkylbi8-2-chloroethylamine has been 
applied by several groups of workers. Thus aralkyl cyanides of type (VIII) 


1 J. Amer. Chem. Soc., 1943, 65, 2093; Ann. Reports, 1943, 40 , 103. 

* C. F. Koelsch and R. F. Raftauf, .7. Amer. Chem. Soc., 1944, 66 , 1857. 

3 J., 1945, 438. 

* F. Bergel, N. C. Hindley, A. L. Morrison, and H. Rinderknocht, J., 1944, 269. 
^ O. Eisleb, Ber., 1941, 74 , 1433; Ann. Reports, 1941, 38 , 199. 
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condeiiHe with mctliylbis-2-cliloroethylamine to give the piperidines (IX; 
R -- OMc; R' - H)', (IX; R O-CHgPh; R' H), and (IX; R == R' = 
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OMo),® tlie dolantiii-ty[)c (U)in pounds (X) and (XI) liave boon prc})arcd from 
phenylbis-2-chloroothy]amin(^ and l)onzyl oyanide and malonio ester 
respectively,'^ and a variation of the same alkylation method has been 
employed ® in a new synthesis of dolantin (pethidine) itself (XIII) by means 
of the following reactions : 
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A well-established route which is still being further explored is the 
synthesis of A-substituted 4-})iy)eridon(iS from alky Ibis- 2 -carbethoxy alkyl- 
amines (XIV). From (XIV ; R — Me), K. A. Jensen and F. Lundquist ® 
have prepared, via the intermediate piperidone (XV ; R Me), a series of 
compounds (XVI) [amongst them an isomer (XVI ; R" = Et) of dolantin] 
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by the obvious stages of hydrolysis and decarboxylation, Grignard reaction, 
and acylation. The method is an excellent preparative route for certain 

® F. Borgol, J. W. Haworth, A. L. Morrison, and H. Rinderknecht, */., 1944, 261; 
J. A. Barltrop, 1946, 958. 

’ R. M. Aiikor, A. H. Cook, and (Sir) I. M. Hoilbron, J., 1945, 917. 

® F. Bergel, A. L. Morrison, and H. Rindorknocht, 1944, 265. 

• Dansk Tidsskr. Farm., 1943, 17 , 173. 
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compounds; thus 1 -etliyl-4-piperidone (XVII) has been prepared in two 
stages (yields 94% and ca. 85%) from ethyl acrylate and ethylamine,^® 
reduction of the ketone in presence of ammonia yielding 4-amino- and some 
4-hydroxy- 1-ethylpiperidine. The same route has also been used by 
D. II. Howton to prepare 1 : 3-dimethyl-4-piperidone, and A. H. Cook 
and K. J. Reed prepared 3-cyano-l-methyl-4-piperidone analogously 
(Thorpe reaction) from methylamine and vinyl cyanide. Further, S. M. 
McElvain and G. Stork have shown that, in the reaction between ethyl 
acrylate and ammonia, an equilibrium is formed between the reactants 
and NH2R, NHR2, and NR3 (R — CH2'CH2’C02Et), but that, in presence 
of benzoyl chloride, (XIV ; R — Bz) is formed in high yield ; application 
of the Dieckmann reaction then gives (XV ; R — Bz), which, through its 
facile debenzoylation, is a valuable intermediate for the synthesis of piper- 
idones and piperidines unsubstituted on the nitrogen [ring- closure of (XIV ; 
R = H) is attended by deleterious side-reactions]. Examples of the use- 
fulness of (XIV ; R ™ Bz) arc given below. 

C. F. Koelsch and his co-workers have studied the formation of stereo- 
isomeric 4 : 5-substituted 2-piperidones by means of the Beckmann change 
applied to ci/cZopentanone oximes. Thus the cis~ and ^m?itS-forms of (XVIII) 
yielded cis- and trans- (XIX), identical with samples ])repared by deamin- 
ation of the stereoisomers of (1).^ The analogous diethyl derivatives were 
also synthesised, and from these piperidones cis- and trans-3 : 4-diethyl- 
piperidine (XX) were prepared. In this connexion it may be noted that 
the piperidones (XXI; R — H; R' = Me) and (XXI; R ~ COgEt; 
R' Et) have each been isolated in stereoisomeric forms, each pair of 



Q Jl XV XV 

(XVIII.) (XJX.) (XX.) (XXI.) (XXII.) 


stereoisomers on oxidation yielding the same pyridone (XXII ; R — H ; 
R'==Me) and (XXII; R-:C 02Et; l-Alkyl-2:4- and 

-2 : 6-bis-2-arylethylpiperidines (as XXIII) have been prepared by 
reduction of distyryl-l-alkylpyridinium p-toluenesulphonates. 

The reactivity of A-alkenylpiperidines has been investigated by C. Man- 
nich and E. Kniss.^’ On distillation under nitrogen, (XXIV ; R ~ CgHji) 

R. C. Fueon, W. E. Parham, and L. J. Reed, J. Amer, Cfiern. Soc., 1946, 68 , 

1239. 

J. Org, Ghem., 1945, 10 , 277. 12 1945 ^ 399 ^ 

J. Amer. Chem. Soc.y 1946, 68 , 1049. 

C. F. Koelsch and C. H. Stratton, ibid., 1944, 66 , 1881. 

P. I. Petrenko -Kritschenko and T. K. Tschumatschenko, Cornpt. rend. Acad. Sci. 
U.R.8.S., 1940, 27 , 470. 

J. Lee and W. Freudenberg, J . Org. Chem., 1944, 9, 537. 

1 ’ Ber., 1941, 74 , 1629. 



SfMPyON : HETEROCYCLIC COMPOUNDS. 


235 


gives piperidine and (XXV ; R -- The simpler case (XXIV ; 

R — Et) was studied in greater detail. Thermal decomposition yielded 
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piperidine, (XXV; R Et) [hydrolysed to the aldehyde (XXVI)], and a 
mixture containing (XXVll), (XXVIII), and (XXIX). The structure of 
the last was proved hy reduction to ^-2 : 4 : 6-triethylcyc?ohexylpiperidine, 
and that of (XXVII) 'and of (XXVIII) by acid hydrolysis to^(XXX) and 
(XXXI) respectively. 

The reactivity of cyano-groups in V-substituted 4-cyano-4-arylpiperidines 
is frequently, but not always, nonnal. Thus (IX ; R = OMe ; R' ™ H) 
and (X) undergo normal Grignard reactions,®* and the expected hydrolyses 
occur with (IX; R =:== O-CHgPh; R' =- H), with (IX; R -- R' === OMe) 
[with production of the ^5ocoumaranones (XXXII; R — H and OMe)],® 
with (X),"^ and with (XII).® On the other hand, attempts by F. Bergel 
et al, to convert such compounds into 4-aminomethyl derivatives by sodium 
and alcohol led invariably to elimination of the cyano-group and replace- 
ment by hydrogen,® a reaction which the authors consider may be char- 
acteristic of Ar’CRiRg’CN compounds in general. 

C. F. Koelsch has drawn attention to the usefulness of A-nitrosation 
as a means of stabilising piperidines where this is desirable. For example, 
the great reactivity of 4-bromomethylpiperidine per se excludes its use in 
malonic ester condensations; the A-nitroso-derivative, however, yields 
l-nitroso-4-piperidylmothylmalonic acid, and thence the -^-propionic acid 
(XXXIII). iV-Benzoylation has the added advantage of facilitating 

J. Ainer, Chem. Soc., 1944, 66, 1011. 
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removal at a later stage of the protecting group, yielding derivatives not 
otherwise accessible. Thus 3-alkylation of (XV ; R — Me) is accompanied 
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by quaternisation, but with (XV ; R Bz) tlic reaction proceeds smootlily 
yielding the 3-alkyl derivatives (XXXIV ; R ™ Et and CHgPh), whence 
the 3-alkyl-4-piperi(l()nes (XXXV) are readily obtained.*^ Reduction, 
hydrolysis, and dehydration of (XV ; R := Bz) gives guvacine hydrochloride 
(XXXVI). 4-Piperid()nes undergo the Knoevenagel reaction in presence 
of ammonium acetate ; in this way the ethyl ester of ri/- cincholoipori 
(XXXVII) (the groups are assumed to be cis-) was synthesised from 
1 -benzoyl-3-ethyl-4-piperidonc and ethyl cyanoacetate. 

V. Prelog and E. Moor were unsuccessful in attempts to make 3- vinyl- 
piperidines from 1 : 4-dimethyl-3-I'-hydroxyethylpi[)eridino ; the only 
products obtained by various methods of dehydration wore the cthylidene 
derivative (XXXVIII) and the tetrahydropyridine (XXXIX), and the 
authors conclude that earlier compounds of this type are not in fact vinyl 
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derivatives. It appears that the only case of a genuine synthesis of such a 
compound is R. B. Woodward and W. E. Doering’s synthesis of 2-(3-vinyl- 
4-piperidyl)propionic acid (homomeroquinene, XL). 

B. Bicyclic Compounds. — (i) QjQXoAlhano-pyrrolidines, -piperidines ^ and 
-thiazoles. V. Prelog and his co-workers have applied the following 
reaction series to the synthesis of CT/c^opentano- and ct/cZoheptano-2 : 3- 
pyrrolidine (XLIII; n — 3 and 5). The compound (XLIII; ri = 3) was 
obtained in only one stereoisomeric form, but reduction of the oxime of 
(XLII ; n ~ 5) gave two stereoisomeric amines, from which cis- and trans- 
c2/ck)heptano-2 : 3-pyrrolidine were prepared. 

The synthesis of the piperidines (XLV ; n = 3, 4, and 5) by the following 


O. Stork and S. M. McElvain, J. Amer. Chem, Soc., 1946, 68, 1053. 

20 Helv. Chi'tn. Acta, 1945, 28, 182. 

21 H. A. Iddles, E. II. Lang, and D. C. Gregg, J. Amer. Chem. Sac., 1937, 59, 1945. 

22 Ibid., 1945, 67, 860. 

22 V. Prolog and S. Szpilfogol, Ilclv. Chim. Acta, 1945, 28, 178. 

2* V. Prelog and U. Geyer, ibid., p. 576. 
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route has also been rej)orted from the same laboratory P 3 U'indan 
(XLIV; R-:H; -- 3) and /i;:-tetrahydroquinolme (XLIV ; R H ; 


.OOoEt 


COaEt 




[CH.i 


::0 

(XLT.) 


-CFTo 


O OH.-OPh 

; CHo 


hydrolysis 




-CH, 
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■^^POOl, ; rednotiou 
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(XLV.) 


m^ln 


Na-KIOLT ^ 
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(XLIV.) 
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R 


n ~ 4) had previously been synthesised, but the method employed, 
viz., condensation of (XI^VI) with cyanoacetamide to giv(i (XLVII), followed 
by the obvious transformations, did not exclude the possibihty that the 
primary product might have been (XLVIII) ; the malonic ester synthesis, 
however, is unambiguous. The latter method was unsatisfactory for the 
synthesis of (XLV; 7i — L3) ; this substance was, however, obtained via 
the cyanoacetamide method. Both cis- and /m?i,s'-forms of (XLV ; ~ 13) 

were obtained according to the reduction concbtions used ; using the reagents 


[CH^jn 


=CH0H 


cn,(CN)*coNn, 






/'\'N 


JOH 


[CH^l 


v 

(XLVIII.) CN 


OH 


=0 \]sr: 

(XLVI.) (XLVII.) 

shown above, (XLV ; ?2 = 3, 4, and 5) each gave only a single stereoisomer. 
The conventional configurations (Auwers-Skita rule) are assigned to these 


V. Prelog and W, Hindon, Helv. Chini. Acta, 1944, 27, 1854. 

V. Prelog and S. Szpilfogel, ibid., 1945, 28, 1684. 

W. C. Thompson, J. Amer. Chcm. Sac., 1931, 53, 3160. 

** J. von Braun and G. Lemke, Annalen, 1930, 478, 182. 

** V. Prelog and U. Geyer, Helv. Chwi. Acta, 1945, 28, 1677. 
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products.^®* It may be noted that the autliors diHpute tJie claim of 
G. R. Clemo, J. G. Cook, and R. Raper that cis- is converted into trans- 
decahydroquinoline by treatment with acid, llic 3 : 4-piperidine deriv- 
atives (LI ; R H and Et) have also been synthesised ^2 t)y the same 
procedure from the intermediates (XLIX; R^H and Et) [from (XLI; 
n 3) and ethyl cyanoacetate] ; (L; Ji — H) was also obtained by the 

alternative route from (XU; n ~ 3) and eyanoacetamide.**^^ 


(p^Ei 

/CR-CN 


COgEt 


hydrolysis 




(XLIX.) 
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_/%OH 

II 

N 
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(L.) 
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R 




/\/NH 

( 01 .) 


In this connexion it may be noted that thiazoles of type (LII ; R NHg ; 
n — 3, 4, 5, and 6) have been prepared (from cyclic a-chloro-ketones and 
thioamides) by H. Erlenmeyer and W. Schoenhaucr in order to study the 
Mills-Nixon effect in heterocyclic compounds. The cyrJopentanc derivative 
(LII ; R ~ NHg ; w = 3) showed marked chemical, optical (absorption 
spectra), and biological differences from the homologue (n — 4). Similar 
optical differences, but less pronounced, were also observed between the 
thiazoles (LII; R ^ H; 3) and (LII; R H ; n = 4).^® It is of 
interest that (XLIV ; R — OH ; n ~ 3) and (XLIV ; R ^ OH ; n == 4) 
also show some difference in intensity of absorption, but in the o23posite 
sense from the thiazole derivatives, i.e., the intensity is higher for n ^ 3 
than for n — 4 in the pyridine com 2 )ounds.^® 
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IR 
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(LIII.) 
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CH— CHg-NH, 

"lcH2]3-Br 

(LIV.) 


AYX 

ch,(|h^ch, 
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(ii) hicy do Aza-alkanes. Using a method previously develojied,^’ V. Prelog 
and K. Balenovic have synthesised the unsymmetrical hicyclo-[2 : 3 : I] 
-I-azaoctane (LIII) via the dibromoamine (LIV). bicyclo-[2 : 2 : 2]d : 4- 
Diazaoctane (LV) is 2 )roduced by heating the hydrochlorides of diethanol- 
amine, a mixture of mono- and di-ethanolamine, or triethanolamine and 
ammonium chloride ; the best preparative method is pyrolysis of the 


J., 1938, 1183. 

V. Prelog and O. Mitzler, Helv. Chim. Acta, 1946, 29 , 1163. 

Idem, ibid., p. 1170. ^3 q, a. R. Kon and H. R. Nanji, J., 1932, 2426. 

Cf. H. K. Sen and U. Bose, J. Indian Chem, Soc., 1927, 4 , 61. 

86 Helv. Chim. Acta, 1941, 24 , 172E. 

8* H, Erlenmeyer and G. Bischoff, ibid., 1946, 29 , 280. 

Ann. Reports, 1942, 89 , 200. 8b Ber., 1941, 74 , 1510. 

»* O. Hromatka, ibid., 1942. 76, 1302. 
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hydrohalide salts of l-2'-chloro- or -bromo-ethylpiperazine (LVI ; X ~ Cl 
or Br).^® The diInethyl6^cycZoazaheptane (LVII) is produced, together with 
2-methyl-4-allylpyrroIidine (LVIII), by the action of hydrobromic acid and 
alkali on 2 : 2-diallylethylaminc (LIX).^^ The synthesis of 6-ethylindol- 
izidine (LXT) is re])orted by V. Prelog and O. Mitzler from (LX) [from 
2-lithium-methyl-5-etliylpyridine and ethylene oxide] by reduction, replace- 
ment of hydroxyl by bromine, and alkaline cyclisation. 


CHg-CHgX 
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C. Thp. [i-Bioiin Probkin. — Work which lias appeared since the last 
review in tht^se rejDorts has been mainly directed towards the elucidation 
of the steric configuration of p- biotin (LX II). Of the four racemates which 
can theoretically arise from the presence of three asymmetric centres (#) 
in (LXII), the three previously isolated by Harris and his co-workers — 
dZ- biotin, dZ-aZZobiotin, and dZ-e^ZaZZobiotin— have been studied from this 
aspect in some detail It was shown that each of the alternative routes 
(LXIIl) — ■> (LXIV) — > (LXII) — ^ (LXV) and (LXIII) — > (LXVI) — ^ 
(LXVII) — > (LXV) gave rise to the same dethiobiotin (LXV) when applied 
to a given racemic bisacylamidothiophan derivative (LXIII) ; in this way 
dZ-aZZo- (LXIII) and dl-epiaUo-{ljXlll) both gave dZ-dethioaZZo-biotin (biologic- 
ally inactive), and dZ- (LXIII) [the precursor of dZ-biotin, of which natural 
(d-)p-biotin is one component] gave dZ-dethiobiotin (biologically active), 
thus confirming that, in the three racemates (LXII), two have a trans- 
linkage at C3-C4 and one has a cis-y or vice versa. Now in the reaction 
(LXIV) — > (LXII), the yield is almost theoretical in the case of dZ-biotin, 
but this does not apply to the dl-allo- and dZ-epZaZZo-compounds. This 
suggests that dZ-biotin has the cis- configuration at 03-04 (LXVIII), and that 
the dl-allo- and dZ-cpZaZZo-racemates are compounds (LXIX). This is 
strikingly confirmed by the behaviour of the three racemates towards boiling 

O. Hromatka and E. Engel, Ber.y 1943, 76, 712. 

K. Paul and H. Cottin, Bull. Soc. chim., 1940, 7, 626. 

Ann. Reports y 1944, 41 , 217. 

S. A. Harris, D. E. Wolf, R. Mozingo, G. E. Artli, R. C. Anderson, N. R. Easton, 
and K. Folkers, J. Amer. Chem. Soc.y 1946, 67, 2096, 

** S. A. Harris, R. Mozingo, D. E. Wolf, A. N. Wilson, and K. Folkers, ihid.y p. 2102. 
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dilute sulphuric acid ; cZ^-biotin is unaffected, whereas the dl-allo- and 
dZ-epZttZZo-raccmates are hydrolysed to carbon dioxide and tht^ corresponding 
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diamino-acid (LXIV). The absolute configurations about Co 14ie 
racemates have not yet been determined. Of tlie three reag(‘nts (rZ-niandelic 
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^ ^[CHal^-COoH 

(Lxvnr.) 
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NH ji \ 
\.-H X^.NH 


-H 
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acid, quinidine methohydroxide, and Z-arginine) which have been used 
for the resolution of cZZ-biotin, the last is most suitable for isolation of the 
natural enantiomorph. 

A. Grussner, J.-P. Bourquin, and O. Schnider have also synthesised 
dZ-biotin by the following route ; the esters (LXX ; R — Me or Et ; R' — 
were prepared by the method of H.Schmid^^ (see following page) . 
In this synthesis, the separation of individual racemates commenced at 
(LXXI) ; dZ-P-biotin having properties in excellent agreement with those 
described by the American workers ^ was thus obtained.^®* Two other 
substances were also isolated in this work ; however, these products were 


D. E. Wolf, R. Mozingo, S. A. Harris, R. C. Anderson, and K. Eolkers, J. Amer, 
Chem. Soc., 1946, 67, 2100. 

*• Helv. Chim. Acta, 1946, 28, 517. H. Schmid, ibid,, 1944, 27, 127. 

A. Griissner, J.-P. Bourquin, and O. Schnider, ibid., 1946, 29, 770. 
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not identical with dl-allo- or dl-epiallo-hiotin, and the claim that they 
were pure racemates has lately been withdrawn.^^ 


HCN, hydrolyHiK, i SOOl., ; 
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Several papers liave ap})eared dealing with syntheses of dethiobiotin 
(LXV). J. L. Wood and V. du Vigneaud,^^^ utilising the Dakin-West 
reaction,^® prepare co-amino-co-aeutylheptoic acid (LXXII) from 1-amino- 
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suberic acid, whence the synthesis proceeds on conventional lines. The 
final stage gave a mixture of stereoisomers which was not resolved. The 

« J. Amer. Chem. Soc., 1945, 67. 210. 

fio H. D. Dakin and R. West, J. Biol. Chem., 1928, 78. 91. 
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synthesis evolved by J.-P. Bourqiiin, O. Schnider, and A. Gnissner is 
similar to that of Wood and du Vigneand,^® except that the o-amino-w- 
acetylheptoic acid was prepared from 1-acetylsuberic ester by the Japp- 
Kiingemann reaction ; the dethiobiotin of these workt^vs was later recog- 
nised to bo a mixture of dethiobiotin and dl-dethioallohiotiriy both com- 
ponents having been isolated. The synthesis by R. ])uschinsky and L. A. 
Dolan uses a different approach. These workers observed that 2-keto- 
4-methyl-2 : 3-dihydroglyoxaline (LXXIV ; R = H), obtainable by the 
route * shown or from the ester (LXXIV ; R ^ COgEt) by hydrolysis, can 
be acylated at under Friedel-Crafts conditions. Catalytic reduction of 
[LXXIV ; R = C0*[CH2]4’C02Et], followed by hydrolysis, led to dl- 
dethiobiotin, the j)hysical constants and biological activity of which are 
in excellent agreement with those of material obtained from (LXII) or 
(LXIII). 

These results arc an interesting illustration of the Auwers-Skita rule — 
reduction of (LXXIII) or its methyl ester in neutral or alkaline solution 
(with a nickel catalyst) failed to give a sterically homogeneous product, 
whereas reduction of the esters (LXXIV ; R — C0*[CH2]4‘C02Et or 
[CHgJs’COgEt) in acid solution with Adams’s catalyst led to complete 
ci5-addition.^^ 

Indoles. 


The synthesis of indoles from arylaniines and a-halogeno- or a-hydroxy- 
ketones, of which the reaction using phenacylarylamines is a special case, 
has been comprehensively studied by Julian and his co-workers. These 
authors disagree with recent criticisms wliich reject the assumption 
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of the “ amine-anil ” stage (LXXVIl) inherent in the Bischler mechanism 
[(LXXV ; X = OH or halogen)-> (LXXVI)-> (LXXVIl) -> (LXXVIII)-~> 
(LXXIX)] . The American workers have shown that the reaction of (LXXV ; 

Helv. Chim. Acta, 1945, 28, 528, *** J. Amer. Chem. Soc., 1945, 67, 2079. 

P. L. Julian, E. W. Meyer, A. Magnani, and W. Cole, ibid., p. 1203. 

A. F. Crowther, F. G. Mann, and D. Purdie, J., 1943, 68; Ann. Reports, 1943, 
40 , 160. 

P. E. Verkade and E. F. J. Janetsky, Rec. Trav. chim., 1943, 62, 763, 775. 

* This route has been utilised by H. McKennis and V. du Vigneaud ( J. Amer. Chem. 
Soc., 1946, 68 , 832) in the production of a series of esters, COjEtdCHgl^'CHAc’NHj, 
from which analogues of dethiobiotin were prepared. 
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X = Br) with aniline is not unidirectional ; for example, a-bromopropi- 
ophenone gives not only (LXXVI; Ar ™ Ar' — Ph; R — Me), but also 
a-anilinobenzyl methyl ketone (LXXX), and a-bromo-P-phenylpropi- 
ophenone (LXXV ; Ar Ph ; X - Br ; K CHaPh) behaves similarly.^® 
Further, an intimate study of the conversion of desylaniline (LXXXI) into 
2 : 3-diphenylindole in presence of aniline and hydrochloric acid led to the 
isolation of the anil (LXXXII or its tautomer — ‘‘ amine-anil ”), which was 
separately converted into 2 : 3-diphenylindole ; in agreement with these 
results, no reaction occurred when dimethylaniline was used instead of 
aniline. The authors contend that the assumptions of dissociation of 
(LXXVI), followed by rearrangement or recombination with a second 
amine residue,^' are thus invalidated ; and they conclude that the Bischler 
mechanism is substantially correct with the qualifications (a) that isomers 
are formed at the stage (LXXV) — >■ (LXXVI), and (Z>) that the aryl group 
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eliminated as arylamine from (LXXVIT) depends on the nature of (LXXVII) 
and not on the order of insertion into its molecule of the two arylamine 
residues. 

The recent syntlieses of tryptophan * from gramine methiodide 
(LXXXIII) (based on the (7-alkylating properties of quaternary salts 
containing a benzyl group) have been still further improved ; the reaction 
is conveniently effected by quaternising the gramine in and the 

use of ethyl acetamidocyanoacetate instead of ethyl acylamidomalonates 
gives pure (LXXXIV ; R H) in 71 % yield from crude indole ; 5-methyl- 


S. N. McGeoch and T. S. Stevens, J., 1935, 1032. 

6’ H. R. Snyder and C. W. Smith, J, Amer, Chem. Soc., 1944, 66, 350 ; N. F. Albert- 
son, S. Archer, and C. M. Suter, ibid.^ p. 500; Ann. Reports, 1944, 41 , 123. 

H. R. Snyder, C. W. Smith, and J. M. Stewart, J. Amer. Chem. Soc., 1944, 66, 

200 . 

N. F. Albertson, S. Archer, and C. M. Suter, ibid., 1945, 67, 36. 

N. F. Albertson and B. F. Tullar, ibid., p. 502. 

* For improvements of earlier methods, see J. Elks, D. P". Elliott, and B. A. Hems, 
J., 1944, 629. B. Hegediis {Helv. Chim. Acta, 1946, 29, 1499) describes a synthesis 
of tryptophan which involves the Fischer reaction and avoids the direct use of indole. 
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tryptophan (LXXXIV ; R -= Me) is similarly prepared.®^ Owing to the 
great reactivity of the dirnethylaminomethyl group in gramine it is even 
possible to achieve the condensation with the unquaternised base.®^ 

The preparation of indole-3-aldehyde has been much simplified and 
improved by direct reaction between indole and iV-methylformanilide,^^ 
and its condensation reactions have been studied.®^ Various condensations 
have been effected with 1 : 2-disubstitutcd 3-nitroso-indoles, from which, 
inter alia^ a new class of cyanine dye (as LX XXV) can be prepared ; 
indole trimethincyaninos, e.g., (LXXXVl), have also been obtained from 
indoles capable of tautomerism to indolenines.*^^^ 

G. R. Clemo and G. A. Swan have })repared 7-azaindolc and its 
2-methyl and 2-ethyl derivatives (LXXXVllI ; R ™ H, Me, and Et) from 
the appropriate 2-acylamido-3-picolines (LXXXVl I; R — H, Me, and Et), 
using sodium ethoxide as the condensing agent; the yields were low, and 
it is to be noted that potassium ^er^.-butoxide appears to be a superior 
reagent in the analogous preparation of 3-methyl- and 2 : 3-dimethyl - 
indole.*^® The oxindole, isatin, and indigo related to (LXXXVllI ; R — H) 
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2 


have been prepared from 2-amino-3-diazoacetylpyridino (LXXXIX).*^^ 
B. Witkop and G. Graser find that ozonisation of indoles occurs best in 
formamide and involves fission at C 2 ~C 3 with formation of the expected 
products. E. F. J. Janctsky and M. C. Lebret discuss the relationship 
between dipole moment and structure of substituted indoles. 

Qliotoxin. — This crystalline antibiotic, which possesses powerful bacterio- 
static action against various (especially Gram-positive) micro-organisms, 
is elaborated by Gliocladiurn fimbricatum,^^ an unidentified species of Penu 
and Aspergillus fumigatusJ^ Its structure has been largely 
elucidated by J. R. Johnson and his collaborators. The substance, of 


M. E. Jackman and S. Archer, J. Amer. Cheni. Soc.^ 1940, 68, 2105. 

E. E. Howe, A. J. Zambito, H. R. Snyder, and M. Tishler, ibid.y 1945, 67, 38. 

A. C. Shabica, E. E. Howe, J. B. Ziegler, and M. Tisliler, ibid., 1946, 68, J 150. 

R. B. van Order and H. G, Lindwall, J. Org, Chern., 1945, 10, 128. 

F. G. Mann and R. C. Haworth, J., 1944, 670. 

A. H. Cook and J. R. Major, J 1944, 486. 

»’ J., 1945, 603. 

®* L. Marion and W. R. Ashford, Canad. J . Res., 1945, 23, B, 26. 

®® H. Kagi, Helv. Chim. Acta, 1941, 24, 141E. 

Annalen, 1944, 556, 103. Rec. Trav. chim., 1944, 63, 123. 

S. A. Waksman and H. B. Woodruff, J. Bact., 1942, 44, 373. 

J. R. Johnson, W. F. Bruce, and J. 1). Dutcher, J. Amer. Chem. Soc., 1943, 
65, 2005. 

J. R. Johnson, W. C. McCrone, jun. and W. F. Bruce, ibid., 1944, 66, 601. 

A. E. O. Menzel, O. Wintersteiner, and J. C. Hoogerheide, J. Biol. Chem., 1944, 
152, 419 ; G. A. Glister and T. I. Williams, Nature, 1944, 158, 661. 
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formula is buvorotatory, neutral, and inert towards carbonyl 

reagents; it yields diacyl derivatives, and is readily attacked by per- 
manganate and hypochlorite with oxidation of the sulphur to sulphate.*^® 
Treatment with hot alkali yields methylamine, hydrogen sulphide, and 
indole- 2 -carboxylic acid."^® Reduction with hydriodic acid yields a com- 
pound, CjgHjoOoNg (A), which is converted into (XC; R H) by con- 
trolled hydrolysis. The corresponding ester (XC; R = Et), synthesised 
from indole-2-carboxyl chloride and the ethyl ester of <i^iV-methylalanine, 
readily yields the precursor (A) with loss of alcohol. A closely- related 
compound (B), is formed when gliotoxin is heated with selenium 

to about 250° ; hydrolysis of (B) gives the A^-methylamide of indole- 2 - 
carboxylic acid, reconverted into (B) by condensation with ethoxalyl 
chloride.’^® 

It seemed likely that, in the syntheses of (A) and (B), ring-closure had 
occurred on the NH group of the indole nucleus, leading to structures (XCI) 
and (XCll) respectively; cyclisation involving the 3-position [leading to 
(XCIII) and (XCIV ; R — H) for (A) and (B)] could not, however, be 
excluded. An unequivocal decision as to the structure of (B) was reached 
in the following way."^® Condensation of indole-2- carboxyl chloride with 
methylaminoacotaldehyde dimethylacetal is known to involve cyclisation 


-T| 902 !^ 

^.^/xN/CO-NMe-CHMe 
H 


(XC.) 




o 

1 1 

H 

^Mc 

H ' I 
" O 
(XClll.) 




,0 


^ H-^Mo 


(XCJ.) 

0 


(XCIV.) 




(XCII.) 


0 


.-NMe 


0 


I II II I 

XX^N-^X/NMe 

^ O 
(XCV.) 


on C 3 ,®® giving (XCV) ; this on oxidation with chromic anhydride yielded 
(XCIV ; R = H), which was not identical with compound (B) from glio- 
toxin ; on the other hand (XCIV ; R = Me), prepared by the same method, 
was identical with material obtained by the alternative synthesis from 
(XCVI) and ethoxalyl chloride. It is therefore certain that (B) has the 
structure (XCII) and not (XCIV; R = H). The structure (XCI) for (A), 


W. S’. Bruce, J. D. Dutcher, J. R. Johnson, and L, L. Miller, J. Ainer» Chem, 
Soc.y 1944, 66 , 614. 

J. D. Dutcher, J. R. Johnson, and W. F. Bruce, ihid.t p. 617. 

Ide7n, ibid., p. 619. 

J. R. Johnson, K. B. Hasbrouck, J. D. Dutcher, and W. F. Bruce, ibid., 1945, 
67, 423. 

W. O. Kermack, W. H. Perkin, and R. Robinson, J., 1922, 121 , 1872. 
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now virtually certain, was further supported by the failure of (XCVII), 
with a blocked 1 -position, to undergo cyclisation [in contrast to the ease 


EtO. 
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Me CO 
(XCVII.) 
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NMe 




r,Me 


(XCVIJI.) 


witli which (A) is formed from (XC; R = Et)j, and by the close similarity 
between the ultra-violet absorption spectra of (A) and (XCVIII). 

Considerable evidence in support of the presence of a disulphide linkage 
in gliotoxin is forthcoming from its instability to alkali, and the formation 
of lead sulphide on treatment with alkaline sodium plumbite, of an unstable 
adduct with potassium sulphide, and of an unstable dihydro-derivative 
(thiol compound) on treatment with potassium thiolacetate.®^ That this 
linkage involves a potential methyl group (~C“CH 2 ~S“S”) is indicated by the 
behaviour of dethiogliotoxin, which is formed by mild reduction 

of gliotoxin; the dethio-cornpoiind gives approximately 1 mol. of acetic 
acid (Kuhn-Roth oxidation), whereas gliotoxin contains no C-methyl 
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group. Dethiogliotoxin is formulated as (XCIX) on the basis of its 
hydrolysis to (XC; R — H), and the antibiotic itself is regarded as, most 
probably, (C) ; less likely alternatives are the indole hydrate corresponding 
to the hydroxyindoline (C), (Cl), and (CII).®^ 


Quinolines. 

The chief advance in this field since the last Report has been the 
consolidation of preparative chemistry; for many classes of quinoline 
derivatives existing methods of preparation have been improved, and new 

J. D. Dutoher, J. R. Johnson, and W. F. Bruce, J. Amer. Cfvem. Soc., 1946, 67 , 

1736. 

Ann. Reports, 1943, 40 , 164. 
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methods developed. Much of this has emerged from the programme of 
antimalarial research carried out in the United States; in this work special 
attention has been paid to the synthesis of 4-hydroxy- and 4-aminoalkyl- 
amino- quinolines (the latter from the former by standard methods). In 
nearly all the methods (outlined below) for the preparation of 4-hydroxy- 
quinolines, high-temperature cyclisation is employed, and an outstanding 
feature of this work is the marked improvement resulting from the use of 
boiling diphenyl, or a mixture of this and diphenyl ether (‘‘ Dowtherm A ”), 
as cyclisation medium. In the following summary of methods, reference 
is made only to the latest papers, and not to the earlier literature on which 
the new modifications (usually of the Conrad-Limpach synthesis) arc 
largely based. 

(1) Cyclisation of Ar-NICR-CHR'-COaEt (or Ar-NH-CRICR'-COaEt), 

giving 4 -hydroxy quinolines of type (CIII). The required arylamino- 
compounds have been prepared (a) from arylamines and ethyl t'thoxy- 
methyleno-malonate®^-®® and -cyanoacetate,®® ethyl formylacetate or a- 
formylpropionate,®® ethyl orthoformate and CH2R'*C02Et (R' Ph, CN, 
Ac),®^ ethyl ethoxalylacetate,^® and ethyl a-ethoxalylpropionate ; and 
(h) from Ar’NH'COPh via the imino-chloride and condensation with sodio- 
malonic ester.^^ The cyclisations in (a) were effected at ca, 250*^; mineral 
oil,* diphenyl, or Dowtherm A were used for this purpose. The following 
examples illustrate the scope of these syntheses : (CIII ; R — H ; R' = 
COgEt; IV' - 6- and 6., 85. 86 7, 84 ^nd 8-Cl,8« 7. 88 ^nd 

8-OMe,®^ and various other substituents) ; (CIII ; R ~ COgEt ; R' = Me ; 
R" ^ Me, OAlk, halogen in various positions) ; and (CIII ; R = COgEt ; 
R'"H; R" halogen in various positions).®® The proportions of 5- 
and 7-substituted quinolines, which are to be expected when m-CgH 4 R"*NH 2 
are used, vary, but cycHsation to a single desired position can be achieved 
by using 1 : 2 : 3- or 1 : 2 : S-NHg’CgHgClR", followed by catalytic dechlorin- 
ation of the resultant 8-chloroquinolines.®^ 

(2) Synthesis of 4-hydroxy-2-phenyl quinolines (CIV ; R — H or Me) 
from anthranilic acid (or its ethyl ester) and ketone acetals; the reaction, 

R. G. Gould, jun., and W. A, Jacobs, J. Amer. Chem. Soc.^ 1939, 61, 2890. 

C. C. Price and R. M. Roberts, ibid.y 1946, 68, 1204. 

B. Riegel et al., ibid., p. 1264. D. S. Tarbell, ihid., p. 1277. 

87 K. Schofield and J. C. E. Simpson, J., 1946, 1033. 

88 W. M. Lauer, R. T. Arnold, B. Tiffany, and J. Tinker, J, Amer. Chem. Soc.^ 
1946, 68. 1268. 

88 C. C. Price, N. J. Leonard, and R. H. Reitsema, ibid., p. 1256. 

C. C. Price, N. J. Leonard, and H. Herbrandson, ibid., p. 1251. 

H. R. Snyder and R. E. Jones, ibid., p. 1253. 

88 R. C. Elderfield et al., ibid., p. 1272. 

®8 E. A. Steck, L. L. Hallock, and A. J. Holland, ibid., pp. 129, 132, 380. 

D. S. Breslow et al., ibid., p. 1232. 

8® E. A. Steck, L. L. Hallock, and A. J. Holland, ibid., p. 1241. 

•8 A. F. Surrey and H. F. Hammer, ibid., pp. 113, 1244. 

♦ See also J. M. L. Stephen. I. M. Tonkin, and J. Walker, Nature, 1945, 156, 629. 
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effected in diphenyl ether, is believed to proceed via the ethoxystyrene 
(CV).»7 

OH CH2R-C(0Et)oPh QH 

K"-i- II fe ^ I :: .. 

CHR:C(OEt.)Ph 
(CUT.) (CV.) (CIV.) 

(3) iSyntliesis of 4-alkyl- and -aryl-aminoqninolines (CVI; R — ON and 
COgEt; IP - aryl and alkyl) by the following route, which failed with 
ami noal ky 1 ami nes . ^ ® 
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(4) Synthesis of 2 : 4-dihydroxyc|uinolines (a) from Ar*NHo and sub- 
stituted malonic. esters (in diphenyl ether), yielding (CVll; R -- H, G-OMe, 
G-NMcg ; R' — ^ cyc^ohexyl, 3 -cv^/ohexyl propyl) [acetylmalonic ester (in 
nitrobenzene) gives 3-acetyl derivatives (as CVII ; R' — Ac) ; and (h) 
by low-tcm])crature cyclisation of metliyl 4-ehloro-2-carbcthox3YieetaTnido- 
benzoate (CVIll) to (CVII; R = 7-01, R' - CO.,Et).ioi 
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K. N. Campbell and I. J. Schaffner prepare lepi dines from arylamines 
and methyl vinyl ketone or methyl 2-niethoxyetli3d ketone (or its acetal) ; 
an oxidising agent (FeClg) and a condensing agent (ZnClg, R4O10, BFg) are 
necessary. Acetoacetanilides, and thence substituted lepidines and 
4-methyl- l-alkyl-2-quinolones (CIX; R — alkyl ),i®^ are conveniently pre- 


R, C. Fuson and D. M. Burness, J. Amer. Chcm, Hoc,, 1946, 68 , 1270 . 

C. C. Price and V. Boekelheide, ibid., p. 1246. 

R. H, Baker, G. R. Lappin, and B. Riegel, ihid.^ p. 1284. 

100 Vaughan, ihid.y p. 324. 

101 R. E. Lutz ef ah, ibid., p. 1285. 102 1945 ^ 86 , 

C. E. Kaalow and N. B. Sommer, ibid., 1946, 68, 644: 4. L. Searles and H. G. 
Lindwall, ibid., p. 988. 

104 Q, E. Kaslow and D. J. Cook, ibid., 1945, 67, 1969. 
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pared from the amines and keten dimer; the nitration and condensation 
with ethyl oxalate of (CIX ; R — Me) have been studied. Renewed 
attention has been paid to styrylquinoline derivatives.^®^ The Meiscn- 
hcimer preparation of 2- and 4-chloroquiiioline from the oxide has been 
extended to ^-substituted derivatives.'®'^ F. C. Ulile and W. A. Jacobs '®® 
report the synthesis of 3-nitro- and -cyano-quinolines by ring-closure of 
(CX ; R — XO2 or CN) (from arylamines and nitro- or (jyano-malondi- 
aldehyde), and various 3-aminoquinolincs are described by G. R. CJemo 
and G. A. 8wan.^®® 7 : 8-Diaminoquinoline ^^® and tlie 5 : G-isomer are 
now fairly acce^ssible. Nitration of 4-chloroquinolinc gives the 8-nitro- 
derivative,^^^ whereas 4-chloroquinaldine yields 8- (mainly) with a little 
5- and 6-nitro-derivative ; 4-hydroxyquinaldine yields, according to con- 
ditions, 3- and 6-nitro-4-hydroxyquinaldine.^^^ In contrast to earlier states, 
ments, nitration of 2-chloroquinolinc occurs mainly in the 8-, and only 
very slightly in the 5-position ; the 5-nitro-dcrivativc is best prepared from 
5-nitroquinoline methiodide.^^^ The best jnetliod for the decarboxylation 
of 52-nitro-4-hydroxyquinoline-3-carboxylic acids appears to be pyrolysis 
of the silver salts. Treatment of 8-nitro-6-methoxy quinoline with 
sulphuryl chloride leads to Bz- and Py-chlorination.^^® 

Cmnolines, 

Some progress has been made in this field,* which until recently was 
virtually unexplored. Satisfactory routes have been worked out for the 
preparation of 4-aryl-, 4-methyl-,’ 2®~^2i ^nd 4-hydroxy- cinnol- 

105 Borsche, W. Doeller, and M. Wagner-Roemmich, J5er., 1943, 76 , 1099; 
V. A. Petrow, J., 1945, 18; R. 8. Tipson, ./. Amer, Chern. Soc.y 1945, 67 , 507; M. A. 
Clapp and R. S. Tipson, ibid., 1946, 68, 1332; M. V. Rubtzov and V. J. Bunina, J. Gen. 
Chem. Russia, 1944, 14 , 1128. 

J. Meisenheimer, Ber., 1926, 59, 1848; B. Bobranski, ibid., 1938, 71, 578. 

G. B. Bachman and D, E. Cooper, J. Org. Chem., 1944, 9, 302; see also, e.g., 
H. Gilman and S. M. Spatz, J. Amer. Chem. Soc., 1944, 66, 621; A. G. Renfrew, ibid., 
1946, 68. 1433. 

J. Org. Chem., 1945, 10 , 76. J., 1945, 867. 

F. Linsker and R. L. Evans, J . Amer. Chem. Soc., 1946, 68, 149. 

Ill Idem, ibid., p. 874; D. M. Hall and E. E. Turner, J., 1945, 699. 

11 * R. H. Baker, C. J. Albisetti, jun., R. M. Dodson, G. R. Lappin, and B. Riogol, 
J. Amer. Chem. Soc., 1946, 68, 1532. 

11 ® B. E. Halcrow and W. O. Kermack, J., 1945, 415. 

11 * A. J. Deinet and R. E. Lutz, J. Amer. Chem. Soc., 1946, 68, 1325. 

11 ® R. H. Baker, G. R. Lappin, C. J. Albisetti, jun., and B. Riegel, ibid., p. 1267. 

11 * J. Schultz, M. A. Goldberg, G. Carsch, and E. P. Ordas, J. Org. Chem., 1946, 
11 , 170. 

11’ R. Stoermer and H. Fincke, Ber., 1909, 42 , 3115; R. Stoerraer and O. Gaus, 
ibid., 1912, 45 , 3104; J. C. E. Simpson and O. Stephtmson, J., 1942, 353. 

ii« J. C. E. Simpson, J ., 1943, 447. n* J. C. E. Simpson, J ., 1946, 673. 

1 *® T. L. Jacobs, S. Winstein, R. B. Henderson, and E. C. Spaeth, J . Amer. Chem. 
Soc., 1946, 68, 1310. 

1*1 C. M. Atkinson and J. C. E. Simpson, in the press. 

♦ For a review of the early literature see N. J. Leonard, Chem. Rev., 1945, 37, 269. 
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ines 122-124 CXI). The essential reaction is the intramolecular cyclis- 
ation of a diazotised o-aminoaryl-ethylene or -acetylene, as indicated in 
the accompanying scheme. Reaction (a) occurs (i) when R' = alkyl, aryl, 
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or aralkyl, R being alkyl or aryl, but not hydrogen ; (ii) when R — OH 

and R' — hydrogen or methyl (t.e., diazotiseil o-amino-aceto- and -jiropio- 
phenones), these cyclisations being favoured by electron-attractive sub- 
stituents (R") in suitable positions, e.c/., G- and 8-Cl, -NO 2 , etc. (cimioline 
numbering), although at very low pH and moderate temperatures the 
reactions proceed smoothly oven when R" is hydrogen. Reaction (/>), 
leading to 4-hydroxy-derivative8, occurs wdien R' = H or COgH, and in 
both (a) and (6) the necessary criterion is the development of sufficient 
anionoid activity on to result in co-ordination with the kationoid di- 
azonium grouping. The basic centre in 4-methyl cinnolines is 
and the 4-methyl group is reactive. 1 ^®’ 1^1 The presence in the cinnoline 
molecule of the second nitrogen atom may profoundly affect the fine struc- 
ture, and hence the reactivity, of the nucleus as compared with corre- 
sponding quinoline derivatives; the most striking example of this which 
has yet emerged is to be seen in the action of pyridine and acetic anhydride 
on 4 -hydroxy- cinnobne- and -quinoline-3-carboxylic acid; the latter is 
unchanged, whereas the cinnoline derivative combines with both reagents, 
yielding (CXlI) and (CXIII), which in turn undergo various further trans- 
formations. 

Pterins. 


Interest has been sharply focused on this group of natural products, 
which are derivatives of the hypothetical “ pteridine ” (CXIV),^^'^ by the 
synthesis of the liver L. casei factor {CXLV),^‘^i» in which the ring- 


K. Schofield and J. C. E. Simpson, J., 1945, 512, 520. 

N. J. Leonard and S. N. Boyd, jun., J. Org. Chem., 194G, 11, 419. 

C. M. Atkinson and J. C. E. Simpson, J., 1947, 232 ; J. R. Keneford and J. C. E. 
Simpson, tbid.y p. 227. 

J. R. Keneford and J. C. E. Simpson, in the press. 

K. Schofield and J. C. E. Simpson, J.» 1946, 472. 

C. Schfipf and R. Reichert/, Annalen, 1941, 548 , 82. 
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system (CXIV) is incorporated, and by the discovery 129 several 
members of this group are biologically active. 
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IJ , 5ii ) 




OH 


I HO'.nAn/\ 

; H 


NH 
I— OH 


(CXV.) 


The naturally-occurring pterins arc mostly colourless or yellow com- 
pounds which show marked fluorescence in solution at or near pH 7. They 
are found in the wings of various species of butterflies and wasps, 
in the skin and eyes of flslies, and in the urine and liver of mam- 
mals. At an early stage of the researches on these compounds, 
which were carried out in the laboratories of H. Wieland and C. Schopf, it 
was recognised that a close relationship exists between the purines and 
Icucopterin, one of the commonly-occurring pterins, and structure (CXV) 
was proposed for this substance. 80011 afterwards, it became necessary 
to discard the formula view of the isolation of guanidine 

as a hydrolytic product of a leucopterin derivative, and the loss of } of the 
total nitrogen of leucojiterin on treatment with nitrous acid; to reconcile 
these facts with the analytical data, a formulation was adopted, 

and this persisted, with minor variations, for some years. During this 
period the chemistry of leucopterin and of its analogue, xanthojiterin, was 
painstakingly developed with small quantities of material; and, although 
it was noticeable that many of the reactions (acetylation, chlorination with 
phosphorus pentachloride, action of nitrous acid, formation of glycol deriv- 
atives on oxidation with chlorine in various media) occurred in triplicate 
(i.e., implied the presence of throe similarly-reacting groujis in the pterin 
molecules), simplified molecular formulae were not warranted in face of the 
analytical data. The practical difficulties of the problem were unusually 
formidable. Apart from the labour of the isolation of pterins, which 
involved the collection and manipulation of many thousands of butterflies 
of a given species, these substances are insoluble in organic solvents, are 
difficult to crystallise and purify, and decompose without melting; they 
occur as hydrates which retain water very tenaciously and give spurious 
analytical data under ordinary conditions. 


128 R. Tschescho and H. J. Wolf, Z. physiol. Ohem., 1937, 248, 34. 

12 # ]y[^ Polonovski, R.-G. Busnel, and M. Pesson, Helv. Cfmn. Acta^ 1946, 29, 1328. 

130 H. Wieland and C. Schopf, Rer., 1925, 68, 2178. 

131 C. Schopf and H. Wieland, ibicL, 1926, 59, 2067. 

132 H. Wieland, H. Metzger, C. Schopf, and M. Billow, Annale^i, 1933, 607. 226. 

132 C. SchOpf and E. Becker, ibid., p. 266; 1936, 624, 49; E. Becker and C. Schdpf, 
ibid., p. 124. 

13* R. Hiittel and G. Sprengling, ibid., 1943, 654, 69; M. Polonovski, K.-G. Busnel, 
and M. Pesson, Co7npt. rend., 1943, 217, 103. 

13^ A. Pirie and D. M. Simpson, Biochem. J., 1946, 40, 14. 
i3« W. Koschara, Z. physiol. Chem., 1936, 240, 127. 

137 Idem, ibid., 1943, 277, 169. i38 Idem, ibid., p. 284; 279, 44. 
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In 1940 the analytical difficulties were recognised and largely over- 
come, and the formula of leucopterin was disclosed as (CgH^OgN^)^, 
where x ^ 1, 2, or 5. Synthesis of the pterin by fusion of 2 : 4 : 5-triamino- 
6-hydroxypyriniidine (CXVI ; R — : NH^) with oxalic; acid restricted 
the possible structures to (OXVJ I ; R NH 2 ), (CXVIIT), (CXIX), and 
(CXX). Of these (CXVIll) was exelud(;d by the results of further ajjplic- 
ations of the oxalic acid synth(\sis. Condensation of 4 : 5-diamino-2 : 6- 
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dihydroxyiiyriinidinc (CXVI ; R ^ OH) and of 4 : 5-diamino-G-hydroxy-3- 
methyl-2-pyrimidone (CXXI) with oxalic acid at about 250° g^^ve, 
respectively, 2:0:8: 9-tetrahydroxypteridino (“ deaniinoleueopterin ”) 
(CXVII; R OH) and the 3-methyl analogue (CXXII), which was not 
identical with 3-methylxanthine-8-carboxylic acid (CXXIII),^^^ thus 
excluding the alternative ring-closure of (CXXI). Structure (CXVIll) for 
leucopterin is thus eliminated if (as is very probable) the oxalic acid con- 
densations to give leucopterin, deaminoleucopterin, and (CXXII) all pro- 
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ceed in the same sense ; and this was jjroved for leucoj)terin and deamino- 
leu cop teriii by the conversion of the former into the latter by means of 
nitrous acid.^^^ Further weight is given to this argument by the synthesis 
of 6-deoxy leucopterin (CXXIX ; see below), a transformation product of 
leucopterin, by the oxalic acid method. Furthermore, purine-8-carboxylic 
acids arc readily decar boxylated, whereas leucopterin does not decompose 
below 400"^. 


i3j> Winlaiid and R. Purrniann, Annalen^ 1940, 644, 163. 

K. Purrinann, ibui.j p. 182. Idem, ibid., 1941, 546, 98. 

1^2 w. Traube, ibid., 1923, 432, 266. 
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The choiee between (CXVJl; 11 - NHg), (OXIX), and (C!XX) as the 
structure of leu copterin was finally settled by the elucidation of the con- 
stitution of xanthopterin, another naturally-occurring pterin, and of its 
relationshix> to leucopterin. Fusion of (CXVI; R NHg) with dichloro- 
ac.etic * acid gave the amide (CXXIV), which on cyclisation under mild 
conditions yielded xantho])terin ; this is therefore 2-amino-6 : 8-dihydroxy- 
])teridine (CXXV). Now xanthopterin takes up an atom of oxygen in con- 
tact with platinum in weakly acid solution, yielding leucopterin (the 
same result is obtained by treatment of xantho})fcerin with methylene-blue 
and an enzyme preparation,^ and by the prolonged action of hydrogen 
])eroxide),^^^ and, as leu(;opterin is devoid of peroxidic properties, the 
reaction can only be rejjresented by hydroxylation of xanthopterin at (\. 
Leucopterin is therefore (CXVII; R -- NH2). 

A third naturally-occurring pterin is 8-deoxy leu copterin or ^'soxantho- 
pterin (CXXVII), which was synthesised by hydrolysis, followed by decarb- 
oxylation, of the ester (CXXVI), obtained from (CXVI ; R — NH2) and 
diethyl kctomalonate.^^ When this ])terin was first isolated, 
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given the name of anhyckoleucopterin ; the above synthesis, however, 
discloses its relationship to leucopterin, and it has been obtained from 
leucopterin by electrolytic reduction. The reverse reaction, viz., oxid- 
ation of i\s‘oxaiithopterin to leucopterin, has not yet been achieved, but 
the action on ^^s’oxanthopterin of nitrous acid and of chlorine water gives 
the leucopterin derivatives (CXVII ; R OH) and (CXXXII ; R ^ H) 
respectively.^^® 

Several other f natural pterins have been described. Uropterin, isolated 
from urine, has been ].)roved to be xanthojjterin.^^’ Another urinary 
pterin, urothion,^^® is more complex. Its molecular formula is O11HJ3O3N5S2. 
Both sulphur atoms are inert, and no thiol group is present. The pigment, 
unlike other pterins, is optically active. Although there is as yet no rigid 


143 Wieland and R. Purrmarm, Atmalen, 1939, 639 , 179. 

R. Purrmann, ibid., 1941, 548 , 284. 

146 II, Wioland and R. Liebig, ibid., 1944, 666, 146. 

H. Wieland, A. Tartter, and R. Purrmann, ibid., 1940, 646 , 209, 

* The use of the bisulphite compound of barium glyoxylate in sulphuric acid, 
instead of dichloroacetic acid, gives a greatly improved yield. 7 

t An interesting general account of the occurrence of pterins in wing-pigments is 
given by (Sir) F. G. Hopkins {Proc. Roy. Soc., 1942, B, 130 , 359). It should bo noted 
that tlie purple pigment, rhodoptorin, which is there discussed, is not a true pterin, 
but a condensation product of leucopterin and xanthopterin-9-carboxylic acid, and 
that it has been re-named pterorhodin (R. Purrmarm and M. Maas, Annalen, 1944, 
666. 186). 
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proof that the molecule of urothion contains the ])teridijie skeleton, the 
expression (OXXVItl) has been advanced on the basis of the foregoing 
data and the following evidence. Urothion yields a tetra-acetyl derivative, 
which gives satisfactory cryoscopic molecular weight values and can be 
hydrolysed to a monoacetyl derivative. The pigment is amjdioteric, and 
amino-nitrogen estimations suggest the presence of a guanidine residue; 
its ultra-violet absorption s]:)ectrum resembles those of xanthoj)terin, ribo- 
flavin, and other i^oalloxazines ; and periodic acid oxidation yields form- 
aldehyde and a product, (urothioiialdehyde). The pigment 

also gives, with concentrated sulj)huric acid, the red colour (thiophenol 
reaction) characteristic of compounds containing a thiol, or potential thiol, 
group attached to an aromatic ring. 

The fish-skin pigment, ichthyo})tcrin (also known as fluorescyanine),^^^ 
is likewise a pterin of unknown structure. It is reduced by fuming hydriodic 
acid with liberation of iodine, and on dilution the leuco- compound is 
reoxidised by the iodine. This extreanely easy reversible oxidation-reduction 
is shown only by i.soxanthopterin and the a(^id obtained by hydrolysis 
of (CXXVl). Xantho})terin is also reduced under the same (amditions,^^® 
but the dihydro-compound is not reoxidised by iodine, although it can be 
oxidised to the pterin by a variety of other reagents. Lcucopterin, on 
the other hand, is much more difficult to reduce, but under appropriate 
conditions yields itsoxanthopterin or dihydroxanthopteiin.^^'^ * A con- 
trolling factor affecting the redox ])otential thus appears to be the point 
of hydroxylation of the pyrazine ring; for this reason, and also because 
the absorjffion spectra of i6oxanthopterin and ichthyopterin arc very similar, 
it has been suggested that this marine pterin is a derivative of 9-hydroxy- 
pteridine. It is to be noted, however, that the suggested molecular formula, 
C 7 Hg 03 N 4 , implies that it is a dihydro-derivative of this ring-system. 

Properties of Pterins , — Excluding differences in elementary composition, 
the criteria by which individual pterins can most readily be distinguished 
are basicity (this may be very slight or considerable ; acidic properties are 
well-marked), fluorescence and the effect of pH thereon, absorption spectra, 
and the redox reaction already noted. The fluorescence of pterins has been 
studied in some detail ; leucopterin exhibits its maximum 

fluorescence in strongly alkaline solution, but under these conditions 
xanthopterin fluoresces only slightly, the intensity increasing rapidly with 
fall in Various measurements of the ultra-violet absorption spectra 

of pterins have been recorded (frequently with similar data for purines and 

J. R. Totter, J. Biol. CJiem.y 1944, 164, 105. 

W. Jacobson and D. M. Simpson, Biochem. J., 1946, 40 , 3, 9, 

P. Decker, Z. physiol. Chein.y 1942, 274, 223. 

160 M. Polonovski, S. Giiinand, M. Pesson, and R. Vieillefosse, Bull. Soc. chim., 
1945, 12, 924. 

♦ The reduction of leucopterin to dihydroxanthopterin, followed by oxidation 
of the latter with alkaline silver nitrate, enables a convenient synthesis of xantho- 
pterin to be effected from (CXVI; R == NH*) and oxalic acid.^*’ 
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flavins), but no systematic study has yet been made.^^®» 

A useful, but not exhaustive, summary of the chemical and optical data is 
given by W. Jacobson and D. M. SimpsonJ^® 

When leucopterin is treated witli phospliorus pentachloride a mono- 
(jhloro- derivative is obtained. That the fi-position is involved in Lhis 
reaction was shown by reduction of the chloro- compound to the deoxj^- 
derivative (CXXIX), wliich was synthesised from 2:4: 5-triaminopyrimidine 
and oxalic acid.^^® Aj)pli cation of the reaction to dearninoleucopterin 
(CXVII; R — OH) gave, similarly, the 2 : 6-dichloro- compound, but 
under different conditions of isolation 2:6:8: 9-tetrachloropteridine (CXXX) 




XH 
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(CXXIX. 


OH 


Cl 
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“WAJ 


(CXXX.) 


Cl 


n^Xnh 

V™ 
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(CXXXI.) 


was obtained, and it was found that the 2 : 6-dichloro-derivative had been 
formed * by partial hydrolysis of (CXXX) under the conditions of isolation. 
In contrast, drastic alkaline hydrolysis was needed to convert the dichloro- 
derivative (2 : 6-dichloro-8 : 9-dihydroxypteridine) into (CXVII ; R = OH) ; 
the corresponding dichlorop 3 ^rimidine (CXXXI) is also resistant.^ Inci- 
dentally it may be noted that the production of a tetrachloro- derivative 
from dearninoleucopterin is not possible on the basis of the purine-8-carb- 
oxylic acid structure (CXVII I) for leucopterin ; its formation thus constitutes 
an independent proof of the correctness of (CXVII; R = NHg). 

Before the constitution of leucopterin and xanthopterin had been settled 
by synthesis, a number of degradation products had been isolated during 
attempts to unravel the complexities of the supposed C^j^ structures. Formul- 
ation of these reactions on the basis of (CXIV) illustrates clearly the close 
parallel between them and well-known purine transformations. Oxidation 
of leucopterin with chlorine water or chlorine in methanol leads to the glycol 
(CXXXII; R — H) or its dimethyl ether (CXXXII; R = Me) respect- 
ively. Hydrolysis of (CXXXII; R == H) results, as with uric acid, in 
the conversion of the pyrimidine into a hydantoin ring and in the isol- 
ation of derivatives of the latter, viz,, (CXXXIII), ( CXXXI V), and 
(CXXXV).^^®’ The product formed by the action of chlorine in acetic 
acid on leucopterin is (CXXXVI),^^^* corresponding to the formation of 

isi H, K. Mitchell, J. Amer. Chem, Soc., 1944, 66. 274. 

162 Fromlierz and A. Kotzschmar, Annalen, 1938, 534 , 283. 

C. Schopf and R. Reichert, ibid., 1941, 648 , 82. 

H. Wieland and A. Kotzschmar, ibid., 1937, 630, 152. 

♦ It is of considerable interest that (CXXX) is apparently more readily hydrolysed 
in alkaline than in acid solution ; this is in direct contrast to recent evidence (see, for 
example, C. K. Banks, J. Amer. Chem. Soc., 1944, 66, 1127, 1131; A. J. Tomisek and 
B. E. Christensen, ibid., 1945, 67 , 2112; C. K. Banks and J, Controulis, ibid., 1946, 
68, 944) that hydrolysis of chloro -heterocyclic compounds is acid -catalysed, and suggests 
that a different mechanism may be operative in the hydrolysis of (CXXX). 
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5-hy(iroxypseudouric acid from uric acid; analogously, oxidation of 
deaminoleu copterin (OXVIl ; R -- OH) with chlorine in methanol gives 

OR 
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(0XXXVI1).'5« The glycol ether (CXXXII; R = Me) is extremely 
unstable; in aqueous solution at 40^ it yields the monoether (CXXXVIII), 
which readily decomposes further into (CXXXIX), guanidine, and carbon 
dioxide by hydrolytic fission. Reference has already been made to the 
formation of leucopterin by hydrogen peroxide oxidation of xanthopterin ; 
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the reaction is not, however, quantitative, and under suitable conditions 
imino-oxonic acid (CXL) is also formed.^^® This reaction resembles the 
oxidation of uric to oxonic acid,^^’ and, indeed, (CXL) is also formed from 


H. Biltz and M, Heyn, A7malen, 1917, 413, 7. 

H. Wieland and A. Tartter, ibid,f 1940, 548, 287. 

F. J. Moore and R. M. Thomas, J. Amer, Chem. Soc., 1918, 40, 1120; H. Biltz 
and R. Robl, Ber„ 1920, 53, 1967. 
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the purine (CXU).^^® Oxidation of xanthopterin with hot sodium chlorate 
and acid, or with cold nitrosylsulphuric acid, brings about disruption of 
the pyrimidine as well as of the pyrazine ring, and oxalylguanidine (CXLIl) 
is formed ; this is also produced by similar treatment of (CXVl : R ™ 

Other Synthetic Pterins. — M. Polonovski, R. Vieillefosse, and M. Pesson 
have prepared, from (CXV^I; R SH) and 1 : 2-dicarbonyl compounds, 
three non-fluorescent 2-morcaptopterins (CXLITI ; R = SH ; R' — = H, 
CO 2 H, Ph; R" = H, OH, Pli), which were converted into 2-hydroxy- 
analogues by alkaline hydrogen peroxide; these authors have also 

shown that the niercaptopterins undergo AS'-ethylation, and they conclude, 
from the fluorescence shown by the iS^-alkyl- and the hydroxy- (in contrast to 
the 2-thiol) derivatives, that the characteristic fluorescence of pterins depends 
on the preservation of an intact * aromatic structure in the pyrimidine ring, 
^^c., the 2-hydroxy-compoiinds exist as such whereas the 2-thiol derivatives 
exist in the tautomerici form. Condensations between (CXVI ; R ~ NHg 
and OH) and a-diketones have been extended to include pheiiauthraquinono 
and acenaphthcnequinouc.^®^ The original use of the term “ woleuco- 
l)terin ” now a])pears unwarranted ; instead, the name is given to the 
synthetic pterin (CXLIV).^^^ This substance, unlike Icucopterin, fails to 
n^ac^t with nitrous acid (i.soguanine and guanine are similarly differenti- 
ated) ; on the otlier hand, the xanthopterin molecule is disru])tod by this 
reagent and docs not yield the deaminoxanthopterin (CXLIIJ ; R — R' — 
OH; R" — H) obtainable from (CXVl; R — OH) and the bisuljdiitc 
compound of glyoxylic acid.^^^» 

The Vitamin Be Problem. — Casual observation of progress in this field 
has hitherto been somewhat difficult owing to the apparent complexity of 
the problem. At an early stage in the purification of the one or more 
growth factors having antiana^mic and/or microbiological {L. casei e, 
S. lactis R, S. fiBcalis R) growth-stimulating properties it became clear that 
the biological characteristics of the product were dependent on the source 
(liver, yeast, spinach, and other vegetable sources). Thus Peterson and 

C. SchOpf an(i A. Kottler, Annalen, 1939, 539 , 128. 

Bvll. Soc. chim., 1945, 12 , 78; aoo also ref. 150. 

K. Kuhn and A. H. Cook, Her., 1937, 70 , 761. 

K. Oanapati, J. Indian Chein. Soc., 1937, 14 , 627. 

C. K. Kain, M. F. Mallette, and E, C. Taylor, jun., J. Anier. Chem. Soc., 1946, 
68 , 1996. 

* In the opinion of the Reporter, a direct correlation of fluorescence with “ aromatic- 
ity ” produced via prototropy seems to bo an over-simplification. Arguments which 
may have some bearing on this point, and which are certainly relevant to the whole 
question of the fine structure of pterins and other hydroxy-heterocyclic nitrogen com- 
poimds, have recently been advanced by F'. Arndt {Rev. Fac. Sci. Univ. Istanbul, 1944, 
9 , 19), who discusses the conception that the “ aromaticity ” of such compounds is 
compatible with their existence in the keto-dihydro- (CO*NH) form by virtue of an 
— + 

electromeric shift to O— CtNH*, and is thus potentially independent of tautomerism. 
t This problem is dealt with later in its biochemical aspect (p. 296). 

REP,— voh. xnn, 


I 
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his CO- workers obtained from liver and from yeast a ‘‘ norite eluate 
factor ” essential for growth of L. casei (L. helveticus), which also appeared 
to bo vital to the growth of chicks; and the preparation from spinach 
of a factor, designated folic acid, having growth -stimulating properties for 
L. casei, S. lactis R, and other bacteria, was rex)orted almost simnltaneously 
by H. K. Mitchell et Later, J. J. Pfiffner et described the isolation 

of a crystalline antianjeraic factor from liver extracts, which, following an 
earlier suggestion,^ was named vitamin Be; identity of this substance 
with the norite eluate factor was claimed,^®® and identity with folic acid 
was suggested.^ It was then found by J. C. Keresztesy et that 

“ various tyi)es of extracts and liver preparations ’’ yielded a substance 
which, although much more active than folic acid for S. lactis B, was inactive 
for L. casci, whereas folic ac-id is equally effective for each micro-organism. 
On the other liand, E. L. R. Stokstad, working with crystalline preparations 
from liver and from yeast, found that the liver factor was equally active 
for L. casei and for S. lactis R, but that the yeast factor was only half as 
active as the liver preparation for S. lactis R, whereas both preparations 
were equally effective for L. casei ; and a new L, casei factor from an undis- 
closed source (later described as a fermentation residue; the factor 
is named the fermentation L. casei factor) was stated to be 85 — 

90% as active as the norite eluate (liver) factor for L, casei, but only 6% 
as active for S, lactis R. 

It is clear from these results that several factors are involved, and this 
conclusion is substantiated by the results of antianaemic studies. Following 
tlie original observation that monkey anaemia could be cured by yeast 
extracts (“ vitamin M found that chicken anaemia could like- 

wise be cured by a crystalline yeast factor and also by vitamin Be, which 
was chemically distinct from the yeast factor. Vitamin By thus possesses 

163 E. E. Snoll and W. PT. Peterson, J, Bad,, 1940, 39, 273; B. L. Hutchings, 
N. Bohonos, and W. H. Peterson, J. Biol. Chem., 1941, 141, 521. 

16* B. L. Hutchings, N, Bohonos, D. M. Hegsted, C. A. Elvehjem, and W. H. 
Peterson, J. Biol. Chem., 1941, 140, 081. 

H. K. Mitchell, E. E. Snell, and R. J. Williams, J. Amer. Chem. Soc., 1941, 63, 
2284; 1944, 66, 267. See also E. H. Friodon, H. K. Mitchell, and R. J. Williams, 
ibid., 1944, 66, 269; H. K. Mitchell and R. J. Williams, ibid., p. 271 ; H. K. Mitchell, 
ibid., p. 274. 

166 J. J. Pfiffner, S. B. Biukloy, E. S. Bloom, R. A. Brown, O. D. Bird, A. D. Emmett, 
A. G. Hogan, and B. L. O’Dell, Science, 1943, 97, 404. 

167 A. G. Hogan and E. M. Parrott, J. Biol. Chem., 1940, 132, 507. 

16® J. C. Keresztesy, K. L. Rickes, and J. L. Stokes, Science, 1943, 97, 465. 

E. L. R. Stokstad, /. Biol. Chem., 1943, 149, 573. 

i’6 B. L. Hutchings, E. L. R. Stokstad, N. Bohonos, and N. H. Slobodkin, Science, 
1944, 99, 371; see also E. S. Bloom, J. M. Vandenbelt, S. B. Binkley, B. L. O’Dell, 
and J. J. Pfiffner, ibid., 100, 295. 

I’l R. B. Angier et al. (for names see ref. 174), ibid., 1945, 102, 227. 

1^2 P. L. Day, W. C. Langston, and W. J. Darby, Proc. Soc. Exp. Biol. Med., 1938, 
88, 860. 

173 J. J. Pfiffner, D. G. Calkins, B. L. O’Dell, E. S. Bloom, R. A. Brown, C. J. Camp- 
bell, and O. D. Bird, Science, 1945, 102, 228. 
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both antiansomic and microbiological (L. msei e) activity ; the crystalline 
yeast factor (known as vitamin Be conjugate), on the other hand, has very 
little microbiological activity (L. casei, S. f<Bcalis)y but yields vitamin Bq 
on enz5nnic digestion.^’^^ 

From this seemingly confused background the following clarifications 
have emerged as a result of recent work : (a) proof of structure and synthesis 
of the liver L. casei factor (pteroylglutamic acid) ; (b) identification of 
pteroylglutamic acid with vitamin Be*, (c) establishment of the chemical 
relationship between vitamin B^, vitamin Be conjugate, and the ferment- 
ation L. casei factor. 

Stmeture of L. casei Factor . — The constitution of this substance has 
been proved to be (CXLV) by a group of sixteen workers in the following 
manner. Fission with sulphurous acid of the fermentation L. casei 
factor yielded an amine fraction (a) togctlier with 2-amino-G-hydroxy- 
pteridine-8-aldehyde (CXLVI ; R - - OHO). The orientation of the aldehyde 
was determined (i) by its conversion under anserobic alkaline conditions 
into the corresponding acid (CXLVI ; R -- CO2H) and (CXLVI; R — Me), 
followed by vigorous hydrolysis of the latter, by the method of J. Weijlard 


OH 9O2H 

“ (CXLV.) 


(CXLVI.) 


NH 


OH 

I II 






(CXLVII.) 


et to the known ’ 2-amino-5-methylpyrazine (CXLVII) ; (ii) by the 

conversion of the known acid derived from (CXXVI) into (CXLVI; 
R ^ COgH) by means of j^hosphorus pentachloride and hydriodic acid; 
and (iii) by decarboxylation of (CXLVI ; R ^ COgH) and synthesis of the 
resultant 8 -deoxy xanthopterin from (CXVI ; R == NHg) and glyoxal. The 
8-methyl derivative (CXLVI ; R ~ Me) was also obtained by decarboxyl- 
ation of (CXLVI ; R = CHgCOgH), itself prepared by condensation of 
(CXVI ; R = NHg) and ethyl 2 -keto -3 : 3-dimethoxy-n-butyrate. Acid 
hydrolysis of the amine fraction (a) gave ^-aminobenzoic acid and glutamic 
acid (3 mols.). 

The fermentation L. casei factor was converted by anaerobic alkaline 
hydrolysis into the liver L. casei factor and an a-amino-acid (2 mols.) ; aerobic 
alkaline hydrolysis, on the other hand, gave (CXLVI ; R ^ CO2H) and an 
amine fraction from which ^-aminobenzoic acid was obtained by further 


R. B. Angier, J. H. Boothe, B. L. Hutchings, J. H. Mowat, J. Semb, E. L. R. 
Stokstad, Y. SubbaRow, C. W. Waller, D. B. Cosulich, M. J. Fahrenbach, M. E. Hult- 
quist, E. Kuh, E. H. Northey, D. R. Seeger, J. P. Sickels, and J. M. Smith, jun., ibid., 
1946, 103, 667. 

J. Weijlard, M. Tishler, and A. E. Erickson, J, Amer. Chem, Soc., 1946, 67, 802. 
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hydrolysis. Consideration of these results, together with those obtained 
by the sulphurous acid degradation, indicated that the liver L. casei factor 
has the structure (CXLV), and that the introduction of two more glutamic 
acid residues into this molecule produces the fermentation L. casei factor. 
Synthesis of the liver L. casei factor was achieved by two methods as shown 
in the accom])anying scheme, the yield in each case being ca. 15%. The 
intermediate (CXLIX) was derived from Z(H-)-glutamic acid. It will be 
noted that each synthesis proceeds through a dihydro-derivative and 
subsequent in situ oxidation. 


(a) (CXVl ; R - NHg) 




(;HBrCH2Br ) ^CO-NH-CH-lCHaJo-COoH (CXLIX.) 
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*J. J. Pfiffner et al. have shown that vitamin B^ conjugate consists of 
the vitamin combined with six glutamic acid residiu^s in })eptide form; 
comparison of the vitamin itsc^lf with pteroylglutamic acid showed that the 
two substances are identical. The biological specificity of vitamin B^ con- 
jugate, of pteroylglutamic acid, and of the fermentation L. casei factor 
thus depends on the nature of the acid side chain (or chains) attached to 
a common nucleus; and this conception is strengthened by the observation 
of Angier et that, if /i-aminobenzoic acid is used instead of (CXLIX), 
syntheses (a) and (b) lead to a product which is active for S. fwcalis R but 
devoid of activity for L. casei and for chicks. 

It has also been shown that, for antiansemic activity, the presence of a 
side chain is unnecessary. Thus nutritional anaemia of rats and of 
fish can be cured by administration of xanthopterin, and ichthyopterin 
(fluorescyaninc) is curative in riboflavin -deficient rats and in aneurin- 
deficient rats and pigeons. A number of other synthetic pterins also 
possess this interesting dual biological activity for the rat and the pigeon ; 
certain micro-organisms (Glaucoma, Polytomella Coeca), however, are more 
exacting in their requirements, and are unable to utilise pterins in place of 
aneurin.^2® 

In conclusion, two points of nomenclature should be mentioned. In 
the first place, recent comments on the synthesis of pteroylglutamic 


J. J. Pliffner, B. G. Calkins, E. S. Bloom, and B. L. O’Dell, J. Amer, Chem, Soc., 
1946, 68, 1392. 

K. A. Jensen, Dansk Tidsskr, Farm,, 1946, 20, 219; Lancet, 1946, i, 969; 
1946, a, 632, 680. 
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acid refer to this substance as folic acid, whereas the American workers 
consistently use tlie names pteroylglutamic acud or liv(T L, cmei 

factor when referring to their synthetic product. Tliis distinction should 
clearly be retained for the present, because^ no announcement has been 
made of formal proof that the folic acid of H. K. Mitchell et is identical 
with pteroylglutamic acid; indeed, B. L. Hutchings et al. have pointed 
out that absorption spectra measurements indicate that folic acid is 
not identical with vitamin B,., vitamin B^ conjugate, or the fermentation 
L. casei factor, and no modification of this view has appeared in literature 
available to the Reporter. Secondly, the American workers have departed 
from the established numbering of the pteridine nucleus (based on analogy 
with the purine ring-system), and have used a method based on 

lumazine as the parent nucleus; this introduces an unnecessary com- 
plication, and the established nomenclature has been used throughout this 
Report. J. C. E. S. 

W. Baker. 

I). H. Hey. 

L. Hunter. 

M. M. Jamison. 

J. K. N. Jones. 

M. S. Lesslie. 

C. W. SnoppEE. 

J. C. E. Simpson. 

E. E. Turner. 

R. B. Angler, Dansk Tidsskr, Farm,, 1946, 20 , 288. 

K. W. Simmons and E. R. Norris, J. Biol, Chem,, 1941, 140 , 679. 



BIOCHEMISTRY. 


I. Inthoduction. 

The continual development of biochemistry, reflected in its widening scope 
and greatly iiua’oased specialisation, has for some years made inevitable a 
gradual change in the nature of this section of the Re^ports. Whereas it 
was earlier possible to survey in outline almost all the year’s principal 
advances, fewtjr subjects can now be included each year in the space avail- 
able, unless their treatment is to be so superficial as to consist of little 
more than a catalogue. 

In the present Report, therefore, a selection of the important develop- 
ments is presented in the form of brief reviews, in some of which it has 
been found possible to include more reference to the general background 
than was possible in the older form of annual annotation. DijBficulties 
due to the still delayed publication of war-time researches remain a con- 
siderable handicap to the Reporters, and for this reason a contemplated 
survey of the sulphydryl enzymes could not be completed for inclusion in 
the present Report. 

F. D. 

2. Biological Methylation.* 

About one hundred years ago several cases of poisoning occurred in 
Germany and were ascribed to the use of arsenical pigments on wall-papers. 
Summaries of the earlier literature on this subject have been published by 
R. Abel and P. Buttenberg,^ II. Huss,^ and A. Maassen.^ L. Gmelin ^ 
noticed a garlic odour in rooms where the symptoms had developed. This 
he ascribed to a volatile arsenic compound liberated from the damp and 
mouldy wall-paper. F. Selmi ^ suggested that the moulds produced 
hydrogen which, acting on the pigment, gave rise to arsine. A suggestion 
that tlie gas was arsine had already been made by Martin ® in 1847 
but without reference to mould action. In 1846 Basedow suggested, 
but without experimental support, that the air of the rooms might contain 
cacodyl oxide, McgAs’O'AsMeg. 

In 1891 B. Gosio ® exposed a potato-mash containing arsenious oxide 
to the air. It quickly became infected with moulds and bacteria and 
evolved a garlic odour. Some of the moulds were intensely active, 
especially one which Gosio named Penicillium brevicaule — the modern name 

1 Z. Hyg,y 1899, 32, 499. « Ibid,, 1914, 76, 361. 

* Arh, Kais, Oeaund,, 1902, 18, 479. * Karlsruher Zeitung, November 1839. 

0 Ber,, 1874, 7, 1642. « Gazette Medicate, 1847, Feb. 13, 130. 

’ Schmidt's Jahrbuch, 1846, 52, 89. 

» Arch, Ital. Biol., 1893, 18, 253, 298; ibid., 1901, 36, 201; Ber., 1897, 30, 1024. 

* Farts of this report are based on earlier articles by the author, particularly that 
publislied in Chem. Reviews, 1945, 36, 316. 
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is Scopulariopsis brevicauUs. Other organisms which exhibited this pheno- 
menon were Aspergillus glaucAis, A. virens^ and Mucor Mucedo. (b Thom 
and K. B. Rapcr'‘* extended this list to iiujlude A. jischeri, A, sijdowi, and 
a few soil organisms. 

B. Gosio ® elaborated a biological method for the detection of traces of 
arsenic in aqueous extracts of various materials. The evaporated extract 
was added to a slice of sterile ])otato previously inoculated with S. hrem- 
caulis. After a few hours at 25 — 30'' inorganic arsenic could be detecjted 
by the production of a garlic odour. H. R. Smith and E. J. Cameron 
state that one-millionth of a gram of arsenious oxide in one gram of 
material can thus be recognised. 

By passing “ Gosio-gas ” from arseni(‘-al cultures of S. brevicauUs through 
a hot tube, Gosio concluded tliat the gas contained an alkylarsine. P. Bigin- 
elli aspirated the gas through mercuric chloride in dilute hydrochloric 
acid. The resulting preci]5itate was assigned the comj)osition AsHEt2,2HgCl2, 
and Biginelli concluded that the gas was diethylarsiiie. P. Klason,^^ from 
Biginelli’s analyses and some further work, regarded it as diethylarsine 
oxide. N. Wigren synthesised both these compounds and showed tliat 
their behaviour towards acid mercuric chloride (Biginelli’s solution) was 
different from that of Gosio gas. 

Owing to the uncertainty regarding the nature of Gosio-gas work was 
commenced by Challenger et al. in 1931. Four strains of S. brevicauUs were 
employed. 

Sterile aqueous solutions of various arsenic compounds were added to 
bread cultures of S. brevicauUs arranged in series. Sterile air was passed 
through and volatile arsenic compounds absorbed in Biginelli’s solution. 
Using arsenious oxide (0-2 — 0*25% in the bread) two different de])osits 
were obtained according to the concentration of the mercuric chloride, 
consisting of the di- and the mono-mercuri chloride of trimethylarsine, 
AsMe3,2HgCl2 and AsMe 3 ,HgCl 2 . Gosio-gas is therefore trimethylarsine.^^ 
Direct comparison with an authentic specimen confirmed this conclusion. 
With sodium methylarsonate, AsMeO(ONa )2 (I — 1*5% in the bread), or 
sodium cacodylate, AsMcoO'ONa (0*1 — 0*3% in bread) (free from inorganic 
arsenic), the evolved gas gave the same mercuriehloride. 

The identity of Gosio-gas was then confirmed by several observations. 
By absorption in nitric acid trimethylhydroxyarsonium nitrate, 
AsMe 3 (OH)*N 03 , and the corresiionding picrate were prepared, identical 
with those obtained from the synthetic arsine. Gosio-gas with alcoholic 
benzyl chloride gave a quaternary salt and thence benzyltrimethylarsonium 
picrate. 

Evans et al. suggest a bimolecular structure for trimethylarsine 
dimercurichloride. 

• Science, 1932, 76 , 648. Ind, Eng. Chem. (Anal.), 1933,5,400. 

Oazzetta, 1901, 81 , 68. i^ Ber., 1914, 47 , 2634. i^ Annalen, 1924, 487 , 286. 

1* E. Challenger, (Miss) C. Higginbottom, and L, Ellis, J., 1933, 96. 

1® R, C. Evans, F. G. Mann, H. S. Peiser, and D. Purdie, J., 1940, 1216, 
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Alhylarsonic Acids and S. brevicaiilis. 

It socnned })ossible that the mould might cause fission of the arscnic - 
carbon link in sodium methylarsonaU^ and cacodylato giving inorganic 
arsenic;, or that the trimethylarsine might have arisen by reduction followed 
by dismutation, thus : 

AsMeO(OH )2 ^ AsMe(OH )2 ^ AsMeO. 

riAsMeO -- AsMcg | AsgOg and 

AsMc 20*0JH — ^ AsMeg-OH 3AsMe2*OH - 2AsMe3 + As(OH)3 

With sodium ethylarsonatc in brc^ad cultures of the mc3uld dimc'thylethyl- 
arsine, AsMcgEt, was evolved and idcuitified as the mercurichloride, thus 
eliminating both these j)ossibilities. 

Absorption in benzyl chloride yieldcMl benzyldimethylethylarsonium 
(;hloride and in nitric acid dimethylc^thylhydroxyarsonium nitrate which 
were eharactc^rised as the pierates. This reaction was then studied further 
Addition of (a) diethylarsonic acid, AsEt20’0H, (&) 7 i-])ropylarsonic acid, 
and (c) allylarsonie acid, CH 2 lCH*OH 2 *AsO(OH) 2 , to similar culturcis of the 
same strain of the mould in coneentrcations varying from ()-2 to 0'5% gave 
mixed methylated arsines. 

From (a) methyldiethylarsine was obtained and from (b) dimethyl-n- 
propylarsine. This arsine was also obtained with methyl-n-])ropylarsonic 
acid and aV. brevicaulis. It was identified as the dimercurichloride and as 
dimethyl-7i-propylhydroxyarsonium picrate. Ethyl-?? -propylarsonio acid 
gave methylethyl-?i-})ropylarsine, and (r) gave dimethylallylarsine, 
CH 2 !CH*CH 2 'AsMe 2 , characterised as the dimercurichloride and as benzyl- 
dimethylallylarsonium picrate. 

M ethylation of Inorganic Com/pounds of Selenium and Tellurium. 

0. Rosenheim showed that, when S. brevicaulis was grown upon 
sterile bread containing inorganic compounds of selenium and tellurium, 
unpleasant odours were evc^lved. The substances rcspcmsible were not 
identified. A. Maassen,^^ judging entirely from odour, stated that the 
volatile products were diethyl selenide and diethyl telluride. He also 
examined the breath of animals injected with inorganic selenites and 
tellurites, and believed that here the odour was due to dimethyl selenide 
and dimethyl telluride (see also Japha A similar conclusion on equally 
unsatisfactory evidence had been reached as regards animals injected 
with tellurium compounds by F. Hofmeister.^® Maassen concluded there- 
fore that the animal body deals with compounds of selenium and 
tellurium differently from the organism of the mould. 

M ethylation of Inorganic Compounds of Selenium. — The gas evolved from 
Rosenheim’s cultures containing selenium compounds was identified by 

F. Challenger and L. Ellis, J., 1936, 396; F. Challenger and A. A. Rawlings, 
J., 1936, 264. 

Proc., 1902, 138. Arh. Kais. Oesund., 1902, id. 479. 

1® Dissertation, Halle, 1842. Arch. exp. Path. Pharm.^ 1894, 88, 198. 
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F. Challenger and H. E. North. The volatile products from several 
cultures of two different strains of S. hrovicaulis on bread containing sodium 
selenate or selenite wer(^ aspirated through absorbents and characterised as 
dimethyl selenide mercurichloride and mercuribrornide, SeMe 2 ,HgX 2 , 
dimethylbydroxyselenonium nitrate, dimethyl selenide a-platinochloride, 
and benzyldimethylselenonium chloride, isolated as the })icrate. 

M ethylation of Inorganic Compounds of Telluriimi. — The odour exhaled 
by animals receiving inorganic derivatives of tellurium was first observed 
by C. Gnielin.^^ A. Hansen, on administration of potassium tellurite 
to dogs or men, detected a garlic odour in the breath after a few minutes. 
This lasted for weeks, and the persons in question were obliged to forsake 
the society of their fellows. 8ee also W. Blyth,‘^^ who mentions the ])heno- 
menon of “ bismuth breath ”, fornu'rly well known to jiharmacists and due 
to the jiresence of traces of tellurium in medicinal preparations of bismuth. 
Further details are given by G. Brownen,^^ E. A. Letts, and A. Reissert.^^ 
In no case was the odorous substance satisfactorily identified. 

(Miss) M. L. Bird and F. Challenger aspirated the ])roduct evolved 
from test-tube cultures of S. hrevicaulis on bread containing potassium 
tellurite through about 5 c.(;. of reagent. Oxidation was thus diminished 
and dimethyl telluride mercurichloride was obtained and (‘.onverted into 
dimethyl telluride dibroinide. Absorption in alcoholic iodine gave dimethyl 
telluride di-iodide. 

The mould gas is therefore dimethyl telluride, and Maassen’s statement 
that it consists of the diethyl (jompound is incorrect. This conclusion was 
also confirmed with liquid cultures on 2% glucose-Czapek-’Dox medium. 

Methylating Capacities of certain Penicillia. 

A green mould whicL appeared as a spontaneous infection on bread 
crumbs moistened with a tellurite solution was found by Dr. Thom of the 
U.S. Department of Agricxilture, Washington, to be closely allied to Peni- 
cillium notatum, Westliiig. Cultures on bread and on 2% glucose -Cza 2 )ek- 
Dox medium containing tellurite cvoIvckI dimethyl telluride which was 
identified as before and as benzyldimethyltelluronium picrate. 

P. chrysogenum Thom in tellurite- bread cultures gave dimethyl telluride, 
but only a faint odour was observed with P. notatum. Both organisms 
readily gave dimethyl selenide in bread cultures containing selenite or 
selenate. This was also produced in bread- selenate cultures by the “ green 
mould ”. 

In bread cultures none of the three green Penicillia gives trimethyl arsine 
with arsenious acid, but all convert sodium methylarsonate into trimethyl- 

J., 1934, 68. 

22 “ Wirkungen . . . auf den tierischon Organismus ”, Tiibingen, 1824, 43. 

Annalen, 1853, 86 , 213. 

2* “ Poisons : their Effects and Detection”, 1884, 588. 

25 Phar^n, 1876, 6 , 561. Ibid., 1878, 9 , 405, 407. 

*7 Af7ier. J, Pftarm,, 1884, 56 , 177. J., 1939, 163. 
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arsine which is also produced in similar cultures of P. chrysogenum and 
P. notatum containing sodium cacodylate. Although methyl groups arc 
[)rcscnt in the substrate, dismutation appears to be excluded because bread 
cultures of P. chrysogenum convert sodium allylarsonate into dimethyl- 
allylarsine, 

Fission of the Disulphide Link in Dialkyl Disulphides by S. brevicaulis and 
M ethylation of the Alkyl 8 -Group. 

Attempts were made to obtain dimethyl sulphide by the use of two 
different strains of S. brevicaulis. Negative results were obtained with 
sulphur, sodium sulphite, sodium thiosulphate, sodium tetrathionate, 
thiourea, thiodiglycollic acid and its sodium salt, and sodium formaldehyde- 
sulphoxylate (“ rongalite ”), and also with sodium ethanesulphonate and 
othanesulphinate, the last-named compound in liquid cultures. 

This was somewhat surprising in view of the experiments of J. Pohl,^^ 
who noticed a leek-like odour in the breath of animals receiving injections 
of thiourea. The odorous product was non-reactivc to sodium hydroxide 
or mercuric cyanide, and was therefore not an alkanethiol. It was, how- 
ever, absorbed by sulphuric acid and gave a precipitate with mercuric 
chloride. Pohl therefore concluded that the product was an alkyl sulphide. 
A similar odour is exhaled by patients suffering from hyperthyroidism and 
receiving thiourea.^^ 

C. Neuberg and P. Grosser stated that the precursor of the diethyl 
sulphide which was shown by J. J. AbeP^ to be evolved on warming the 
urine of dogs with alkali is methyldiethylsulphonium hydroxide ; also that 
administration of diethyl sulphide to dogs gives rise to this com])ound. 
Experimental details are lacking. 

The occurrence in nature of compounds such as eheirolin, 

CHa-SOg-CHg-CHg-CH.-NiCIS, 

erysolin, CHg-SOa-CHg-CHg-CHg-CHg-NICIS 33“and methionine, 

CH3-S-CH2-CH2-CH(NH2)*C02H, 

demonstrates the possibility of a biological methylation of sulphur. The 
relation of methionine to cysteine and to cystine suggested that compounds 
containing the -SH or -S-S- links might be more amenable to the methyl- 
ating action of the mould. 

Disulphides (R’S*S*R ; R — Et or n-Pr) with excess of saturated aqueous 
mercuric chloride give insoluble compounds SR-HgCl,HgCl 2 ,®^ identical 
with those obtained from the alkanethiols. With dimethyl and diethyl 
disulphides the soluble products were shown to be the alkanesulphinic 

** Arch. exp. Path. Pharm., 1904, 61 , 341. 

References given by F. Cliallenger, Chem. Reviews, 1946, 36 , 333. 

31 Centr. Bl. Physiol., 1906—1906, 19 , 316. 

3* Z. physiol. Chem., 1894, 20 , 253. 

33 For references see E. F. Armstrong and K. F. Armstrong, “The Glycosides”, 
1931, 66. 

3* F. Challenger and A. A. Rawlings, J., 1937, 868. 
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acids, RSO2H, formed by dismutation of the sulphenic acid, SR*OH, The 
sulphinic acids were characterised by Blackburn and Challenger as the 
jy-nitrobenzyl alkyl sulphoiies. 

S. brevicaulis and Dialkyl Disulphides. 

The behaviour of disulphides to mercuric chloride having been estab- 
lished, dialkyl disulphides (methyl to ri-amyl) were added in dilute aqueous 
suspension to bread cultures. The volatile products contained the alkane- 
thiol, SHR [absorbed in mercuric cyanide giving (SR)2Hg], the unchanged 
disulphide, R-S-S-R, and the methyl alkyl sulphide, SRMe. The pre- 
cipitates obtained with mercuric chloride were mixtures of the mercuric 
chloride addition product of the methyl alkyl sulphide with varying amounts 
of RSHgCl,HgCl2, arising from fission of RS-SR. On treatment of these 
mixtures with sodium hydroxide, pure methyl alkyl sulphide was evolved; 
this was converted into the mercuri chloride, tlie benzylmethylalkylsulph- 
onium pi crate, or the double compound with platinous chloride. 

The fission of the disulpliidc link by S. brevicaulis ap])ears, therefore, 
to be a general reaction of the simple alijdiatic disulphides.^^* 

M ethylation of Inorganic Sulphate, by 8 (^hizophyllum commune. 

Birkinshaw, Findlay, and Webb have shown that the wood- destroying 
fungus Schizophyllum commune , Fr., when grown on an aqueous medium 
containing glucose, inorganic salts, and a trace of “ marmite ”, converts 
inorganic sulphate into methanethiol. This was characterised as mercury 
thiomethoxide (SMe)2Hg. Traces of hydrogen sulphide are also produced. 
This is the only recorded instance of the mycological methylatiou of in- 
organic sulphur. Although S. brevicaulis forms dimethyl selenide from 
inorganic selenium compounds no mcthylselenothiol is produced. F. Chal- 
lenger and P, T. Charlton find that dimethyl sulphide and disuljihide 
accompany the methanethiol evolved by S. commune. The disulphide 
probably arises by aerial oxidation of the thiol. 

Mycological Fission of the Carbon-Sulphur Link. 

The methanethiol evolved by cultures of S. commune might possibly be 
formed by fission of the terminal SMe group of methionine, 
CH3*S-CH2-CH2-CH(NH2)-C02H, 

synthesised by the fungus. Addition of d^-methionine to cultures of S. com- 
mune, however, gave only traces of methanethiol. The question arose 
whether a similar stability would bo exhibited by methionine in bread 
cultures of S. brevicaulis. Actually the amino-acid was readily converted 
into methanethiol and dimethyl sulphide. Under identical conditions 
A'-methyl-, -ethyl-, and -?i-propylcystcine gave the corresponding alkanethiol 
and methyl alkyl sulijhide.®^ This fission of the C-S link appears to be a 

S. Blackburn and F. Challenger, */., 1938, 1872. 

J. H. Birkinshaw, W. P. K. Findlay, and R. A. Webb, Biochem. J., 1942, 36, *'>2G. 

J., 1947, 424. 
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new type of inyeologieal action. The mechanism may be reductive giving 
homoalanine as tlie other primary })roduct, or hydrolytic when homoserine, 
CHo( 0 H)*CHo-CH(NH 2 )-r 02 H, would be formed! 

The alkanethiols obtained in S. hrevicaulis cultures from methionine 
and the >S'-alkylc\ysteines may be formed by the fission of the corresponding 
keto-aeids rather than directly from the amino-acids. Methionine is con- 
verted by kidney or liver slices and also on feeding to rats into the 
keto-acad, CH3*8*CH2*CH2*C0*C02H. This keto-acid readily yields methane- 
thiol with dilut(^ acids or alkalis. 

The fission of the CSMe link in methionine and th(i alkyl cysteines by 
mould cultures has only one other biological counterpart, namely the — 
probably reversible — fission of the unsymmetrical amino-acid cystathionine, 
C02H-CH(NH2)-CH2 vS-CH2*CH2-OH(NH2)-C02H.^o In presence of rat liver 
or kidney slices or saline extracts of rat liver this givers cysteine and ])ossibly 
homoserine or its phos])hori(; ester.'*^ Cystathionine appears to play an 
im])oi tant part in the l)iological conversion of methionine into cystine.^2,43 

Oxidative DenietJiylation of ^-^riethyl Compounds. 

K. Hess et al.^ showed that A^-methylatcd keto-acids derived from 
jyyrrolidine and ])iperidine on treatment with phenylhydrazine or serni- 
carbazide yield secondary alcohols, the >NMe group giving rise to >NH 
and the phenylhydrazone or semicar bazone of formaldehyde. 

Recent investigations using isoto])ic indicators show that certain 
methylated amino-acids or amines undergo demethylation by animals or 
animal tissues. Some earlier work may first be cited. 

.Dimethylaniline yields the glycuronate of p-methylaminoj)henol in 
rabbits.^^ Some methylanilim^ was detected in the urine. Demethylation 
of dimethylaniline to aminophenol is also effected by dogs. M. Lewis 
and R. A. Tager state that A^-methyl- and AiV-dimethyl-sulphanilamides 
are demethylated when administered to men or mice. 

E. S. Stevenson, K. Dobriner, and C. P. Rhoads found that in rats 
demethylation of p-dimethylaminoazobenzene occurs, accompanied by 
fission and reduction of the azo-linkage, and that the urine contains amino- 
phenol, A'-acetyl-p-aminophcnol, j>-phcnylenediamine, and A'iV’ '-di acetyl - 
2 )-ph en ylenediamine . 

E. Borck and H. Waelsch, J. Biol. Chem., 1941, 141 , 99. 

»» H. Waolsch, iUd., 140 , 313. 

G. B. Brown and V. du Vigneaud, ihid., 137 , Gll ; V. dii Vigneaud, G. B. Brown, 
and J. P. Chandler, ibid., 1942, 143 , 59. 

F. Binkloy and V. du Vigneaud, ibid., 144 , 507 ; F. Binkley, W. P. Anslow, and 
V. du Vigneaud, ibid., 143 , 559. 

I). Stetton, ibid., 144 , 501. 

*** V. du Vigneaud, G. W. Kilmer, J. R. Rachele, and (Miss) M. Cohn, ibid., 1944, 
156 , 645. 

Ber., 1913, 40 . 4104; 1915, 48 . 1886; 1917, 50 , 344, 351, 385. 

*5 F. Horn, Z. Physiol. Chem., 1936, 242 , 23; 1936, 238 , 84. 

Yale J. Biol. Med., 1940, 13 , 111. Cancer Research, 1942, 2 , 160. 
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K. Bloch and R. Schoenheimcr fed rats with (a) isotopic glycine and 
(6) isotopic sarcosine (iV-methylglycine). Glycine was isolated from the 
tissue protein as the trioxalatochromate, the concentration of isotopic 
nitrogen being almost identical in each case. It is suggested that sarcosine 
is demethylated in the tissues without loss of nitrogen, and sarcosine can 
replace glycine as a detoxicating agent when benzoic^ acid is fed to rabbits, 
iV-ethylglycine causes no increase in the rate of excretion of hijipuric acid 
when administered with benzoate to rabbits, suggesting tliat de-ethylation 
is at any rate a much slower jirocess.^'^ The oxidative demethylation of 
sarcosine to formaldehyde and glycine has bc^en established with broken 
cell preparations of the liver of cats and rabbits. Other A^-methylamino- 
acids are not necessarily metabolised in the same way, A^-methylalanine 
giving pyruvic acid and mcthylamine with amino-acid oxydase.^’ 

du Vigneaud et al.^^ have shown that, unlike certain closely related 
comiRJunds (which do not eliminate a methyl group as formaldehyde), 
sarcosine exerts no methylating action in animal experiments (see yi. 274). 

iV^^-methylnicotinamide (see p. 273) is stated to undergo deinothylation 
to nicotinic acid in rats when administered with gly(;ocyamine. No increase 
in the urinary outyjut of creatine and creatinine was observed. 

In a comprehensive review on biological methylation, S. »i. Bach has 
discussed the evidence available before 1345 for the demethylation of 
y^urines in animals or animal tissues and concludes that tlie cjuestion is 
still controversial. Caffeine docs not take y)art in transmethylation (see 
p. 274). 

From a recent study of the metabolism of the mono-, di-, and tri-methyl- 
uric acids in the Dalmatian dog and albino rat, V. G. Myers and R. F. 
Hanzal conclude that 3-inethyluric acid apjiears to be com])letely denuithyl- 
ated and converted into uric acid ; the 1 : 3 : 7 derivative is yiartially 
demethylated in position 7, and the 1 : 3 com])ound is largely unchanged 
though some demethylation may occur at 3. 

Mechanism of Biological Melhylaiion. 

Three mechanisms have been suggested to account for the y)henomena 
of biological methylation and the evidence has been fully discussed. The 

J. Biol. Chern., 1940, 135 , 99. 

L. P. Abbot and H. B. Lewis, J. Bwl. Chem., 1939, 131 , 479; 1941, 137 , 536. 

P. Handler, M. L. C. Bernheim, and J. K. Klein, J. Biol. Chern.j 1941, 138, 211 ; 
compare K. Hess, reference 44. 

D. Keilin and E. F. Hartree, Proc. Roy. Soc.y 1936, B, 119 , 114. 

V. du Vigneaud, J. P. Chandler, A. W. Moyer, and D. M. Keppol, J. Biol. Chem.y 

1939, 131 , 57. 

V. A. Najjar and (Miss) C. C. Deal, ihid.y 1946, 162 , 741. 

Biol. Rev.y 1946, 20 , 158, 167. 

A. W. Moyer and V. du Vigneaud, J. Biol. Chem.y 1942, 143 , 373. 

Ihid.y 1946, 162 , 309. 

F. Challenger, Chem. and Ind., 1942, 61 , 399, 413, 456; Cheni. Reviews, 1945, 

86, 315. 
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first of these involves the interaction of acetic acid with the compound 
undergoing methylation and is based on the well-known “ cacodyl re- 
action”. It need not be further considered here. The second, the form- 
aldehyde hypothesis, merits further discussion on purely chemical grounds, 
and also in view of the production of formaldehyde by oxidative demethyl - 
ation under biological conditions. No direct evidence for this hypothesis 
is available on the biological side, however. 

For the third hypothesis — that of transmethylation — conclusive evidence 
has been obtained from animals, though not yet from moulds. The 
mechanism by which the methyl group is transferred still remains 
obscure. 

The Forynaldehyde Hypothesis . — In moulds and animals any formaldehyde 
involved in methylation reactions is presumably of secondary origin and 
even in plants some may arise by the demcthylation of NMc groups, or 
by oxidation of purinc^s to uric acid which, by way of allantoin, can give 
rise enzymically to glyoxylic acid, CH0’C02H, and urea as shown by M. R. 
Fosse and A. Brunei and their colleagues. 

It was not possible to apply a crucial test to the formaldeliydc hypothesis 
as regards moulds. In its application to the production of trimcthylarsinc 
from arsenious acid this postulates the formation of hydroxy rnethylarsonio 
acid, CH 2 (OH)*AsO(OH) 2 , as the first stage, followed by reduction to methyl- 
arsonic acid, Me*A80(0H)2. After further reduction to Me*As(OH )2 the 
isomeric form Me*AsO(OH)li might be expected to react again with fonn- 
aldehyde, repetition of the proc(\ss yielding cacodylic acid, Me 2 AsO*OH, 
and finally trimethylarsine. Hydroxymethyl arsenic acid (^ould not be 
synthesised, and its homologuc CH 2 (OH)’CH 2 *AsO(OH )2 in bread cultures 
of the mould gave no volatile product. Had reduction of the p-hydroxyl 
group occurred the formation of dimethylethylarsine would have been 
expected.^®" 

If selenious and tellurous acids can react as Se02(0H)H and Te02(0H)H 
the formaldehyde hypothesis can explain their conversion into dimethyl 
selenide and dimethyl telluride in mould cultures. The work of W. Strecker 
and W. Daniel raises doubt as to whether selenious acid can react in 
this form. See, however, J. Loevenich, H. Fremdling, and M. Fohr who 
find that p-naphthylselcninic acid, Cj^QH^'SeOgH, gives a normal ester and 
also a selenone. 

As applied to the fission of disulphides and methylation of the resulting 
thiol, the formaldehyde hypothesis demands the formation of RS'CHg’OH. 
Compounds of this type have been described but are unstable and easily 

Numerous references cited in Chem. Reviews, 1946, 36 , 338. 

F. Challenger, C. Higginbottom, and L. Ellis, J., 1933, 95; F. Challenger and 
C. Higginbottom, Biochem. J., 1935, 29 , 1757. 

Annalen, 1928, 462 , 186. 

Ber. 1929 62 2856 

T. G. Levi, Gazzetta, 1932, 62 , 775; F. Challenger and A. A. Rawlings, J., 
1937, 868. 
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hydrolysed. The compound CHg-CHg'S'CHg'OH could not be freed from 
traces of ethanethiol and so its capability of reduction to SMeEt in mould 
cultures could not be determined.®^ 

The Transfer of a Methyl Oroxip. — The transfer of a methyl group from 
some methylated compound such as choline or betaine was suggested by 
0. Riesser to explain the production of creatine and of alkylated (pre- 
sumably methylated) derivatives of selenium and tellurium in animals.®® 

F. Challenger and (Miss) C. Higginbottom and F. Challenger, P. Taylor, 
and B. Taylor found that sodium sulphite, organic disulphides, sodium 
selenite, and sodium tellurite when heated with betaine (free from hydro- 
chloride, to avoid the formation of methyl chloride) and in absence of 
sodium formate, yielded dimethyl sulphide, methyl alkyl or methyl aryl 
sulphide, dimethyl selenide, and dimeth^d telluride. All these products 
were characterised. The last three reactions exhibit a parallel with the 
behaviour of these substances in cultures of 8. brevicaulis (see pp. 265, 207). 
R. Willstatter ®® found that, on heating, betaine forms methyl dimethyl - 
aminoacetate, McgN'CHg'COgMe, a reaction clearly involving the migration 

of a methyl group. It was suggested by F. Challenger that these pyro- 

+ - 

genic reactions might proceed as follows : (1) McgN’CHg’COO + NagSeOg — 
MegN’CHg’COgNa + MeScOgNa. With selenites and tellurites a quaternary 

salt is possibly first formed. The dimethyl selenide presumably arises by 

+ - 

decomposition of the sodium methaneselenonate. (2) Me3N'CH2*COO + 
RS’SR — Me2N*CH2*C02SR + RSMe. Under similar conditions primary 
aromatic amines yielded A^-monomethyl derivatives. 

In the absence of any evidence as to the kinetics of these pyrogenic 
betaine decompositions it is impossible to say whether a free methyl ion 
is concerned in the reactions. 

Experimental evidence is equally lacking as regards the kinetics of the 
production of methyl derivatives by living cells. Considering first a 
unimolecular mechanism of type /S^^l it is noticed that almost aU the com- 
pounds which undergo mcthylation by moulds or animals can give negative 
ions, which contain unshared electrons, so that co-ordination of a positive 
methyl group would give a neutral molecule.®^ This could then undergo 
reduction and ionisation followed by further co-ordination of a CH3+ 
radical. 

Methylation of Arsenic, Selenium, and Tellurium Compounds, — The 
Z, physiol. Chem., 1913, 86, 440. 

See F. Hofmeister, Arch. exp. Path. Pharm., 1894, 33, 198. 

Biochem. J., 1936, 29 , 1757. 

66 J., 1942, 48. 

66 Ber., 1902, 35, 684. 

Compare also H. T. Straw and H. T. Cranfiold, J. Soc. Chem. Ind., 1936, 55, 
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68 Chem. and Ind., 1942, 61 , 413, 456. 

66 F. Challenger, Chem. Reviews, 1945, 36 , 341, 347 ; E. D. Hughes and C. K. Ingold, 
J.. 1933. 1671 ; J. L. Gleave, E. D, Hughes, and C. K. Ingold, J., 1936, 236. 
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mechanism suggested by the Leeds school may be illustrated in the case 
of arsenioiis and selcnious acids : 


(1) As( 0H)3 — ^ H + (H0)2 As 0 - CH3— As^^OH — ^ 

ion * 'OH 

Mcthylarsonio acid 

I Koduftion ^ .OH 

H 1 CH3— As^^OH > CH3 - Ab<^ ^ 

O o 


- As 


OH , . 


H,C 

- <-) 


:iM(l rodiK-ti<ui^ O 

Cacodylic acid 

H.>C ^ , . 

h..,c:as~>o > (CH 3 ) 3 As: 

HgC / Tri mo thy larsino 

TrimothyJaraino oxido 


The suggested intermediate compounds have not been detected in 
mould cultur(\s, but they all yield tri methyl arsine when present in bread 
cultures of S. hrevicaulw. 


( 2 ) H 2 SCO 3 


I cir/ yC 

H :scf OH > CH,-Se^OH 


0 




Jonisritioii 

> 

and rnriuciion 


CH^-Se 


Mo thai 1 OHoloi 1 01 li c a c i d 

('nJ^ Rrdiad.ion 

V /mT \ 


Ion of rnc tha ne - 
Kf'loninic acid 


-> (CHgj^So: 


X 


0 


Dimethyl 

selenono 


-> (CH3)2Se: 

Dimethyl 
selenido. 


The postulated intermediate selenium compounds have not been detected 
in the media, but (Miss) M. L. Bird and F. Challenger showed that 
S, brevicaulis and certain Penicillia convert methane-, ethane-, and propane- 
1-seleninic acids, USeOgH, into dimethyl, methyl ethyl, and methyl 7i-propyl 
selenides, RSeMe, as required by the suggested mechanism, thus : 

RSeds + CH3 — ^ R-SeOj-CHa R-Se-CHs 

They point out, however, that direct reduction of the seleninic acid to 
selenothiol, B*SeH, might occur followed by methylation to R'SeMe, thus 
avoiding the selenonc stage. 

Potassium methane-, ethane-, and propane-] -selenonates,'^^ RSe02*0K, 
in cultures of the same moulds gave only dimethyl selenide, owing to break- 
down of the sclenonate giving R*OH and KHSeO.^. This observation does 
not necessarily invalidate the suggested mechanism since the methane- 

’0 1942, 574. 71 (Miss) M. L. Bird and F, Challenger, J., 1942, 670, 
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Belcnonic acid might be sufficiently stable, within the cell, to reach the 
next stage without hydrolysis. 

M ethylation of Sulphur Compounds. — The methyl alkyl sulphides obtained 
from dialkyl disulphides in cultures of S. hrevicaulis may arise by ionisation 
of alkanethiol first produced, followed by co-ordination of CH 3 , or this 
may occur before fission. 

Addition of sodium sulphite, methanesulj)honate, or ethanosulphinate, 
Et’SOgNa, to li(^uid cultures of the mould gave no dimethyl or methyl 
ethyl sulphide. This might possibly be ascadbed to the formation of methane- 
sulphonic^ acid or of dimethyl or methyl ethyl sulphone by reactions analogous 
with those postulated for sodium selenite. Diethyl sulphone, unlike diethyl 
sulphoxide,'^*^ is not reduced to diethyl sulphide by S. hrevicaulis^ and 
sul})hones, if formed, would probably accumulate, but the liquid culture 
media yielded no dimethyl or methyl ethyl sulphone. Mcthanesulphoiiic 
acid might also resist further reaction, when neithc'T sulphone nor suljjhide 
would be formed. Attempts to detect this acid in litpjid cultures con- 
taining sodium sulj)hite failed. 

M ethylation of Nitrogen Compoimds. — Co-ordination of a positive methyl 
ion would also explain tlie well-known conversion of neutral pyridine 
and quinoline into methylpyridinium and methylquinolinium hydroxides 
in the body of the dog. 

The formation of trigonelline or A^^-raethylnicotinamide (see bidow) 
on administration of nicotinic acid to various animals can be explained in 
the same way. 



-c/ 


o 

-OH 


— -> 


HI 




-I 

OIL 






+Me 


O 


f 


One alternative to mtdhylation by elimination of a positive methyl ion 
is a biinolecular reaction of the Sj<i2 type.*^® 

Since, however, this also ultimately involves the attachment of methyl 
to the unshared electrons of the metalloid the formulations on p}). 271 — 272 
may be retained for convenience in representing the suggested intermediate 
stages in the methylation process. It is possible, however, that methyl 
may be transferred as a neutral radical. Attempts to obtain evidence of 
this by addition of sulphur, in powder or as a colloidal solution, or of finely 

F. Challenger, P. Taylor, and B. Taylor, J., 1942, 48; F. Challenger, Chem. 
Reviews, 1945, 36 , 344. 

F. Challenger and H . E. North, J., 1934, 68. 

W. His, Arch. exp. Path. Ph^irm., 1887, 22 , 253. 

V. Komori et al., J. Biochem. (Japan), 1926, 6 , 21, 163; S. Tainura, Chem, 
Abstracts, 1925, 19 , 2705. 

D. Ackerman, Z. Biol., 1912, 59, 17. 

J. W. Huff and W. A. Perlzwoig, J. Biol. Chem., 1942, 142 , 401; 1943, 150 , 395. 

J. L. Cleave, K. D. Hughes, and C, K. lugold, 1935, 236; E, !)♦ Hughes and 
C. K. Ingold, J., 1933, 1571, 
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divided mercury to cultures of S, brevicauUs gave negative results, no 
methylated compounds being detected. 

As pointed out by Mr. J. H. Baxendale (private communication) the 
capture of a neutral methyl group by a negative ion, e.g., arsenite, would 
give nine electrons on the arsenic atom, an unstable system which would 
act as a strong reducing agent, readily forming neutral methylarsonic acid, 
MeAsO(OH) 2 . This might possibly be concerned in the reducing actions 
which cultures of S, brevicauUs obviously exert upon the higher valencies 
of arsenic, selenium, and tellurium, inorganic arsenates, selenates, and 
tellurates yielding organic arsines, selenides, and tellurides. 


Transmethylation. Du Vigneaud's Exjjeriments using Isotopic Indicators. 

Transmethylation from Methionine and Choline. — The suggestion that 
certain biological methylations in animals might be conditioned by methyl 
groups detached from choline or betaine received support from the 

work of du Vigneaud and his colleagues. They have shown that homo- 
cystine (1) can replace methionine (III) in the diet of the white rat only 
in presence of choline or betaine, which, however, produces the effect more 
slowly than choline. It was suggested that a methyl group is transferred 
from the nitrogen of choUne or betaine to the sulphur of homocysteine (II) 
transmethylation ”) to give methionine and that the reaction might be 
reversible, methionine acting as a donor of methyl groups to a choline 
precursor. 


[C02H-OH(NH)2-CH2-CH2%S I 2 

(I.) 


C02H-CH(NH2)-CHo-CHo-SH 

(II.) 


C02H-CH(NH2)-CH2-CH2-S*CH3 

(III.) 


co2h;-ch(NH2)-ch2-ch2-s-cd3 

(IV.) 


NH-CO 

/ 1 

hn:c CHg 

NH2-C(:NH)-NMe-CH2-C02H 


Ny(-CH2*9H-C02H 


HC 


CH 


Y 


NH 


CO-CH2-CH2-NH2 


(V.) 


(VI.) 


(VII.) 


Choline prevents a pathological condition known as fatty infiltration of 
the liver in rats. This is known as a lipotropic effect. It appeared possible 
that the growth observed in the dietary experiments might have been due 
simply to this particular effect of choline, the liver thus being enabled to 
remain healthy and to carry out methylation by some other means than a 
transference of methyl from choline. 

This explanation was disproved when the choline was replaced by its 
ethyl analogue, NEt 3 (OH)*CH 2 ’CH 2 ’OH, which also prevents fatty infil- 
tration. This compound did not allow of the growth of rats on a choline- 


’• J. P. Chandler and V. du Vigneaud, J. Biol. Chem., 1940, 186, 223; V. du 
Vigneaud, J. P. Chandler, and A. W. Moyer, ibid., 1941, 189, 917. 
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methionine-free diet containing homocystine. Du Vigneaud points out 
that, had an ethyl group been transferred, ethionine [>S'-ethylhomocysteine, 
SEt’CH 2 *CH 2 *CH(NH 2 )*C 02 H] would have been formed, and this was 
shown by H. M. Dyer to be incapable of replacing methionine in the diet. 
Furthermore on feeding ethionine and choline to rats on a methionine-free 
diet no growth resulted, indicating that homocysteine is not formed from 
ethionine in the body. This stability of the S-Et link in ethionine recalls 
tlie difficulty experienced in the de-ethylation of ethylglycine in rabbits^® or 
of certain iV'-ethylphenazine derivatives under purely chemical conditions.®^ 
Du Vigneaud’s transmethylation hypothesis was tested by the use of 
specimens of deuteromethionine (IV) containing (a) 83*6 and (b) 87*5 atom 
per eent. of deuterium in the methyl grouj). These were fed to rats kept 
on a methionine- eholine-frce diet.®® Earlier work had shown that the 
deuterium contiMit of the urinary creatinine (VI) closely follows that of the 
creatine (V) and choline of the tissues. The experiment with specimen (a) 
was, therefore, continued for 94 days until the methyl group of the creatinine 
contained 72*4 atom per cent, of deuterium. The animal was then killed 
and the choline isolated from the tissues as the chloroplatinate. The atom 
percentage of deuterium in the methyl groups of this choline was found to 
be 74*2, the corresponding figure for the tissue creatine beung 73. These 
figures represent in all three cases approximately 85 per cent, of the 
theoretically possible amount of deuterium, assuming that all the methyl 
groups had come from the demteromethionine. This figure is the deu- 
terium ratio ”, i.e.y atom per cent, deuterium in methyl group of isolated 
compound/atom per cent, deuterium in methyl group of deuteromethionine 
administered X iOO. Oxidation of the choline to trimethylamine showed 
that all the deuterium was contained in the methyl groups. 

It is concluded that these reactions are true transmethylations (the 
methyl group being transferred as a whole) and that they do not involve 
the oxidative elimination of dideuteroformaldehyde, 01)20.^' On the 
formaldehyde theory of methylation dideuteroformaldehyde, if produced, 
would react with the amino-group of the choline precursor, presumably 
2-hydroxyethylamine,®^ to give -NH’CDg’OH which, on reduction in the 
organism, would give -NH'CDgH and not “NH’CDg. The deuterium con- 
tent of each methyl group of the choline could not then rise above two- 
thirds of that in the methyl group of the methionine administered, i.e.y 
the '' deuterium ratio ” would have a maximum at 66-6 per cent. 

Du Vigneaud et al.^^ then administered trideuterocholine, 
N(CD3)3(0H)-CH2*CH2-0H, 

to rats, on a methionine- choline-free diet containing homocystine, for 23 
and 56 days, respectively. On isolation of the creatine (V) from the tissues 

V. du Vigneaud, Biol. Sy?riposia, 1941, 6, 234. 

J. Biol. Ghern,, 1938, 124 , 519. s® H. Mcllwain, J., 1937, 1705. 

V. du Vigneaud, (Miss) M, Cohn, J. P, Chandler, J. R. Schonck, and (Miss) S. 
Simmonds, J. Biol. Ghem.y 1941, 140 , 625. 

8® D. Stetten, ibid., 1941, 140 , 143. 


8® Ibid., 1943, 140 , 519. 
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the deuterium content was 24 and 29 per cent, of the theoretical maximum 
and the deuteromethyl group was detected in tissue methionine. The 
methyl groups of choline can therefore take part in transmethylation. 
This also occurs, to a lesser extent, when no homocystine is given or when 
ordinary methionine is given instead of homocystine. 

The authors consider that homocysteine is formed from methionine by 
the animal, and that methionine is re-formed by means of the methyl group 
supplied by choline. Continuous synthesis of methionine therefore occurs 
although more than enough is supplied in the diet. When deuteromethio- 
nine and an adequate supply of ordinary choline were fed together, 
formation of choline from methionine was found to proceed nevertheless. 

The o(ieurrence of transmethylation has also been established in the 
rabbit by the use of deuteromethionine (79 atom per cent. D in the 
methyl group), and analysis of the creatinine of the urine, the choline of 
the tissues and the anserine (Vll) of the muscle. Later S. 8immonds and 
V. du Vigneaud using tiie isotope technique, showed that the methyl 
group of dietary methionine can be used by man in the synthesis of choline 
and creatinine. 

Du Vigneaud et have investigated the relation of mono- and di- 
methylaminoethanol to choline and to transmethylation reactions. When 
the dimethyl compound was fed to young rats on a methyl-free basal diet 
containing homocystine, growth was not so good as when choline was 
fed — t.c., methionine was less readily formed. However, deutcrodimethyl- 
aminoethanol, (CHgDJgN’CHg’CHg’OH, under similar conditions was readily 
converted into a deuterocholine and thence into creatine by transmethyl- 
ation. The ratio D in body choline/D in body creatine was large, whereas 
on feeding deuUu’omethionine to rats the ratio was almost unity. 

These results suggest that dimcthylaminoethanol does not take part 
directly in transmethylation but that it can accej^t methyl groups supplied 
by methionine or some other methyl donor in the body, thus giving rise 
to choline and accounting for the limited growth -producing power. If so, 
it follows that choline, when engaging in transmethylation, releases 
only one methyl group giving dimethylaminoethanol. Experiments 
with deuteromethylaminocthanol, CD 3 'NH*CH 2 *CH 2 'OH, led to similar 
conclusions. The incapacity of the partly methylated aminoethanols to 
transfer their methyl groups is presumably due to the absence of the 
quaternary nitrogen atom which is present in choline and betaine. 

Further work on the relation between choline and the methylamino- 
ethanols has been carried out by Horowitz and his colleagues using 

J. R. Schenck, (Miss) S. Simmonds, (Miss) M. Cohn, C. M. Stevens, and 
V. du Vigneaud, J. Biol Chem., 1943, 149 , 355. Ibid.y 1942, 146 , 685. 

V. du Vigneaud, J. P. Chandler, (Miss) S. Simmonds, A. W. Moyer, and (Miss) 
M. Cohn, ibid., 1946, 164 , 603. 

N. H. Horowitz and G. W. Beadle, */. Biol Chem,, 1943, 160 , 325 ; N. H. Horowitz, 
D. Bonner, and (Miss) M. B, Houlahan, ibid.y 1945, 169 , 145; N. H, Horowitz, ibid., 
1946, 162 , 413, 
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Neurospora crasm. Two mutant strains of this organism liavo lost tlio 
ability to synthiisise (;holiiie ])osscss(^d by the wild type. One mutant 
strain produces methylaminoethanol but is unable to convert it into choline 
at the normal rate. It therefore accumulates and is to be regarded as a 
normal intermediate in choline synthesis. It was isolat(Kl as the ]3icrolonate. 
The other mutant cannot synthesise metliylaminoethanol but can methylate 
it to choline if an exogenous su])ply is available. 

Transmethylation from Betaine . — Final ])roof that betaine takes part 
in transmethylation has now been obtained.®® The experiments of 
du Vigneaud carried out with white rats on a methionines and choline-free 
diet containing homocystine (see p. 274) pointed clearly in this direction. 
Stetten showed that on administration of betaine containing to rats 
the concentration of this isotope in the glycine of the tissue-protein was 
almost as high as when isoto])ic glycine was fed, thus proving demethylation 
of the betaine. The fate of the methyl group was not rigidly established, 
but Stetten believed it to be captured by ethanolamine (arising from reducs 
tion of the gl 3 ^cine) thus yielding choline, which was found to contain the 
Furthermore betaine is a lipotro])ic agent (see p. 274) and also 
prevents the development of hyemorrhagic kidneys, activities which usually, 
though not invariably, indicate the presence of labile methyl. 

V. du Vigneaud et al.^ fed betaine labelled with deuteromethyl groups 
and to growing rats. Isotopic analyses of the choline and creatine 
isolated from the rat tissues showed betaine to be a very effective methyl 
donor. Methyl groups from dietary betaine appear in tissue choline almost 
as rapidly as they appear from dietary deuterocholine. The disparity in 
the amounts of and of deuterium found in the tissues y)roves that the 
betaine molecule is not converted as a whole into choline. 

Dimethylglycine containing deuterium in the methyl grou})S was f(?d 
to young rats. Transmethylation giving choline and creatine occurred 
only to a very slight extent. Dimethylglycine was also unable to prevent 
the incidence of haemorrhagic kidneys. 

The methyl group of dietary methionine appears more rapidly in 
creatine than do those of dietary betaine. H. Borsook and J. W. Dubnoff 
found that methionine can serve as a method donor in the enz^nnatic 
synthesis in vitro of creatine from guanidoacetic acid (glycocyamine) by 
surviving liver tissue, but that choline can function in this system only in 
presence of homocystine.®^ The transfer of methyl groups from choline 
and betaine to form creatine possibly involves transmethylation first to 
methionine and then either directly or indirectly to creatine. 

V. du Vigneaud, (Miss) S. Simmonds, J. P. Chandler, and (Miss) M. Cohn, J. Biol. 
Chem., 1946, 165 , 639. 

lieferences in Ghem. Rexnews, 1945, 36 , 350. 

V; du Vigneaud, J. P. Chandler, (Miss) M. Cohn, and G. B. Brown, J. Biol. 
Chem., 1940, 134 , 787. 

Ibid., 133 , 569; 184 , 635; 1941, 138 , 389, 405; 1945, 160 , 635. 
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u-Keto -acids from Derivatives of Cysteine ami Methionine. 

J. L. Wood and V. du Vigneaud find that the AS'd)enzyl-iV- methyl- 
derivatives of Z-eysteinc and rfZ-homocysteine lose their methyl groups when 
fed to rats and are excreted as the corresponding /S-benzyl-iV-acetyl-Z- 
amino-acids. This is believed to occur through the N-froe keto-acids, 
which are then re-aminated and acetylatcd,^^ because cZ-amino-acid oxidase 
and broken cell preparations of rat kidney and liver convert dZ-iV-methyl- 
methionine into the l-keto-3-methylthiobutyric acid,^^ 
CH3*S-CH2-CH2*C0*C02H. 

P. Handler and (Miss) M. L. C. Bernhcim®^ have shown that (Z(-f-)-meth- 
ionine is about half as active as the Z-isomcr in })r()moting creatine synthesis 
by liver slices in vitro. Benzoic acid, which inliibits cZ- amino- acid oxidase, 
also prevents creatine synthesis (transmethylation) with 6Z( + ) -methionine, 
but not with the Z-isomcr. It is assumed, therefore, that ri( + ) -methionine 
must first be converted into the a-keto-acid, CH 3 *S*CH 2 *CH 2 *C 0 *C 02 H. 
Whether this can undergo transmethylation as sudi, or ojily after reamin- 
ation to Z-methionirie, has not been decided. It is, however, fully as active 
in creatine synthesis as methionine. 

Derivatives of Methionine. 

(ZZ- Methionine sulphoxide and methylsulphonium iodide can replace 
methionine in the diet of the white rat, but tZZ-methionine sulphone cannot. 
This has a rnycologieal parallel. Diethyl sulphoxide is readily reduced to 
diethyl sulphide in cultures of 8. hrevicaulis, whereas the sulphone is not.’^ 

Neither the sulphoxide nor the sulphone appreciably increase the methyl - 
ation of glycocyamine by liver slices.^^ The sul})hoxide, however, exerts a 
lipotrojjic action in rats. Assuming that this is due to a transfer of methyl 
to a choline precursor (which has not been established), the inertness of the 
sulphoxide in Handler and Bemheim’s experiments in vitro is surprising. 
These authors state “ it appears probable that the intact animal possesses 
some mechanism whereby methionine sulphoxide may be reduced to the 
parent substance which may then be utilised for choline synthesis.” 

Synthesis of Labile Methyl in the Body. 

From work summarised in this report the hypothesis arose that the 
animal organism is incapable of generating methyl groups for methylations 
and that methyl groups in a particular form such as methionine and choline 
must be present in the diet. 

V. du Vigneaud, S. Simmonds, J. P. Chandler, and M. Cohn have recently 
presented evidence for the synthesis of a small amount of labile methyl 

J. Biol. Chetn., 1946, 165 , 95. 

W. I. Patterson, H. M. Dyer, and V. du Vigneaud, ibid., 1936, 116 , 277; M. W 
Kies, H. M. Dyer, J. L. Wood, and V. du Vigneaud, ibid., 1939, 128 , 207. 

P. H. Handler, F. Bernhoim, and J. R. Klein, ibid., 1941, 138 , 203 

Ibid., 1943, 160 , 335. ®8 Ibid., 1945, 159 , 755. 
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groups in tlie rat maintained on a diet adequate in labile methyl. V. du 
Vigneaud occasionally found animals capable of showing some growth on 
a homocystine diet without added choline and the growth of rats on a 
similar methyl-free diet was reported by Bennett et The authors 

raised the concentration of deuterium in the body water of two rats to 
about 3 atom per cent, by intraperitoneal injection of 99*5 per cent. DgO 
and maintained this by giving drinking water containing 4 atom per cent, 
of DgO for three weeks. The deuterium content of the choline chloro- 
platinate then isolated from the tissues indicated that 7*7 and 8-5 per cent, 
respectively of the choline-methyl was derived from the body water. It is 
very unlikely^ that a direct exchange reaction would cause the appearance 
of deuterium in tlie methyl groups under these conditions. The authors 
consider that the synthesis of methyl grouj^s by intestinal bacteria is the 
most logical inter])retation of their results. 

Methylsulphoniurn Compounds in Natural Products, 

It was suggested in 1940 that sulphonium derivatives of methionine 
might play a part in biological processes. The fission of the alkyl S-C link 
in methionine by S. brevicaulis observed by Challenger and Charlton does 
not seem to be preceded by formation of a sulphonium derivative, since 
methionine methiodide gives dimethyl sulphide but no methanethiol in 
cultures of S, brevicaulis. This decomposition appears to be analogous to 
the evolution of dimethyl sulphide (but no methanethiol) from the marine 
alga Polysiphonia fastigiata observed by Haas/^^*^ as F. Challenger and (Miss) 
M. I. Simpson (forthcoming publication) have shown that the precursor (or 

a fragment of the precursor) of the dimethyl sulphide in the alga is a salt of 

+ — 

dimethyl-2-carboxyethylsul23honium hydroxide, Me 2 S( 0 H)'CH 2 *CH 2 ’C 02 H 

■+■ — 

or Me 2 S*CH 2 'CH 2 ’COO. This was isolated from P. fastigiata as the chloride 
(the bromide is already known and characterised as various derivatives, 
all of which readily evolved dimethyl sulphide at ordinary temperature in 
presence of sodium liydroxide. The sulphonium (thetine) salt may arise 
from methionine by deamination and oxidation, or from cysteine. Apart 
from the possible existence of a sulphonium compound in dogs’ urine, and 
the isolation of an oxygenated derivative of diallyl disulphide from garUc 
(which may be the monosulphoxide and therefore of “ sulphonium type ”), 
this is the first recorded instance of the occurrence of a sulphonium compound 
in Nature. F. C. 

»» J. Biol. Chem,, 1939, 128 , cviii; 131 , 57. 

^0® M. A. Bennett, G. Medes, and G. Toennies, Growth, 1944, 8 , 59. 

G. Toennies, J. Biol. Chem., 1940, 132 , 455; G. Toennies and J. Kolb, J. Amer, 
Chem.. Soc., 1945, 67 , 849. 

P. Haas, Biochem. J., 1935, 29 , 1298. 

G. Carrara, Oazzetta, 1893, 23 , i, 506; E. I. Biilmann and K. A. Jensen, Bull. 
Soc. chim.f 1936, 3, 2306 ; B, Holmberg, Arkiv Kemi, Min. Qeol., 1946, 21 B, No. 7, 1. 

1®* C. J. Cavallito and J. H. Bailey, J. Artier . Chern. Soc., 1944, 66 , 1950; C. J. 
Cavallito, J. S. Buck, and C. M. Suter, ibid., p. 1952. 
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3. Structural Proteins of Muscle. 

The proteins of muscle may be classified into two groups : (1) those 
with a structural function ; and (2) the soluble proteins of the sarcoplasm. 
Strictly defined, Grouf) 1 embraces the extracellular types (vascular tissue, 
collagen, the reticulin of the sarcolemma) and also components of intra- 
c;ellular origin (the proteins of the myofibril and of the nuclei). Of these, 
only those ])roteins which are assumed to compose the contractile elements 
will be discussed. The proteins of Group 2 are largely enzymic, associated 
for the most ])art with the reactions of glycolysis, and will be discussed in a 
subsequent review. Some enzymes (succinic dehydrogenase, diaphorase, 
cytochrome oxidase) resist extraction with water and appear to be attached 
to the structural components. 

Proteins of the Myofibril. 

In a previous review,^ some emphasis was given to the view that the 
fibril, by virtue of its contractile function, must consist mainly if not wholly 
of ])roteins of the |)olymerie fibrous type. Of the classical protein fractions, 
as for exami)le those of press-juice (myogen, globulin X, myoalbumin)^’ ^ 
and the globulin obtained by salt extraction, only the last, containing the 
myosin complex, could be assigned to the fibril. The myosin chains were 
considered to run in a regularly oriented manner through the anisotropic (A) 
bands, and in a less oriented fashion through the isotropic (1) bands. The 
more crystalline parts of the structure gave, both in living and in dried 
muscle,^’ ^ and also in partially oriented films of isolated myosin,^' ^ a wide- 
angle X-ray pattern of the a-type, indicating that the same intramolecular 
fold, shown later to exist in fibrinogen, fibrin,^ and tropomyosin,'^ had been 
adapted for the elaboration of the ultimate contractile element. With the 
discovery by N. M. Liubimova and V. A. Engelhardt ® in 1939 that the 
adenosinetriphosphatase (ATPase) activity of muscle was always associated 
with myosin itself, and could not by any ordinary means be separated from 
it, there appeared a direct link between the contractile mechanism and an 
energy-yielding reaction. These various studies converged to give for the 
first time a clue to the nature of the contractile mechanism, and on them 
several tentative hypotheses for the more detailed mechanism were 
advanced.^’ Recently, the problem has become more complicated by the 

^ K. Bailey, Advances in Protein Chemistry^ 1944, 1, 289. 

* Reviewed by M. Dubuisson, Bull. Boc. Roy. Sci. LUge^ 1945, 113. 

® W. T. Astbury, Croonian Lecture, Proc. Roy. Soc.^ 1947, B, in press. 

* W. T. Astbury and S. Dickinson, Nature^ 1935, 135, 95, 765. 

^ Idem, Proc. Roy. Soc., 1940, B, 129, 307, 

« K. Bailey, W. T. Astbury, and K, M. Rudall, Nature, 1943, 151, 716. 

’ ,K. Bailey, ibid., 1946, 157, 368. » Bwohimia, 1939, 4, 716. 

* K. Bailey, Biochem. J., 1942, 86, 121. 

M. Dainty, A. Kleinzeller, A. S. C. Lawrence, M. Miall, J. N-eedbam, D. M. 
Needham, and S.-C. Shen, J . Gen. Physiol., 1944, 27, 365; J. Needham, A. Kleinzeller, 
M. Miall, M, Dainty, D. M. Needham, and A. S. C. Lawrence, Nature, 1942, 150, 46. 
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discovery of two new proteins, both occurring in the fibril, and both of 
asymmetric character, the actin of F. B. Straub and tropomyosin 7 

Structure of the Myofibril . — The level of molecular organisation observed 
in the electron microscope (EM) falls within the range of the larger period- 
icities revealed by ^-rays, which in wide-angle diffraction are also used to 
elucidate the smaller re})eating units. In an extensive examination of 
muscle,^ both living and dried, the ])redominant wide-angle pattern is that 
of the a-keratin type, which does not change after a moderate contraction. 
The significance of this fact has been discussed at length by Astbury, and 
leads, somewhat paradoxically at first sight, to the conclusion that contrac- 
tion over the physiological range is not so much the transformation of the 
crystalline parts of the fibril from which the diffraction pattern arises as the 
more regular folding in series of the less crystalline parts. By the capacity 
of these molecules to build up intromolecular combinations, the shortening 
of muscle, as of myosin and keratin, involves changes of internal energy 
rather than of entropy. 

In muscle as in other structures, the EM and X-rays confirm the presence 
of a large-scale jmitcrn superim])ose)d upon the smaller intramolecular 
j)attcrn, and the comparison of patterns as between members of the keratin- 
myosin-fibrinogen group is of the highest importance. I. MacArthur 
lias shown that a correspondence exists between these larger spacings in 
wool, ])orcui)ine quill tip, and dried frog sartorius muscle, but it cannot yet 
be concluded that the full periods are identical, sin(;e their evaluation is not 
unambiguous. According to American workers the master-period in 
muscle is at least 350 — 420 a., whilst the probable width of the diffracting 
elements (27 a.) allows of only a few polypeptide chains. 

In the adductor muscles of molluscs a new type of fibril occurs, different 
both in its resistance to disintegration by salt solutions, and in its large-scale 
molecular pattern. After maceration in 0'3M-potassium chloride and 
differential centrifugation, the muscle yields a fraction containing intact, 
needle-shaped fibrils (unfortunately designated “ paramyosin ”) which dis- 
integrate in 0-45M-potassium chloride. These vary from 200 to 1000 A. in 
width and 1 to 40 \x in length. With an electron stain ” they reveal a 
regular lattice of deeply staining spots, of separation 193 a. perpendicular to 
the fibre axis, and 720 a. jiarallel. The separation of rows of spots along the 
axis is, however, only one-fifth of this latter distance. X-Ray studies had 
earlier indicated a master-period of 725 a. There is no apparent change of 
lattice dimensions after contraction, and Schmitt et al.^^ suggest that the 
fibrils may serve a purely mechanical function in these rather specialised 
muscles. It should be noted here that the EM merely records density 

Stud. Inst. Med. Chem. Vniv. Szeged, 1942, 2, 3; idem, ibid., 1943, 8, 23. 

1* Nature, 1943, 152, 38. 

i» R. S. Bear, J. Amer. Chem. Soc., 1945, 67, 1625; F. O. Schmitt, R. S. Bear, C. E. 
Hall, and M. A. Jakus, N.Y. Acad. Sci., Conference on “Muscle contraction”, 1946. 

1* C. E. Hall, M. A. Jakus, and F. O. Schmitt, J. Appl. Physics, 1945, 16, 459. 

1® R. B. Bear, J. Amer. Chem. Soc., 1944, 66 , 2043. 
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(and/or thickness) gradients, and the repeating units of protein pattern 
deduced by X-rays should not be revealed by the EM except where they 
coincide witli stainable material assiciated with the protein. 8uch material, 
as in the above lattice, may bo of mineral nature, or may form part of the 
normal extractives (ATP, etc.) of muscle. 

With an electron stain, striated muscle shows all the details elicited by 
histological techniques,^® It shows too that on contraction there is a 
migration of some substance in the A band towards the /. In both A and / 
bands, the myosin filaments pursue an uninterrupted course, being rather less 
aligned in the latter, and, most strikingly, the picture remains much the same 
after contractions of 50%. The absence of gross change thus tends to 
support the intramolecular folding of chains as the mechanism of contraction, 
and disproves the hyxiothesis of A. Szent-Gyorgyi based upon studies of 
the myosin-actin interaction, of a spiral, spring-like mechanism. 

Isolated Myosin , — General properties have recently been reviewed^' 
and will not be described again. EM Photographs of myosin dispersed in 
salt solutions reveal particles derived by a random fragmentation of the 
fibrillar substance, varying in width (50 — 250 a.) and up to 15,000 a. in 
length; the average for rabbit myosin is 120 x 4100a. Such poly- 
dispersity clearly invalidates attempts to assess particle weight by con- 
ventional methods.^® It has a bearing too on the nature of Szent-Gyorgyi's 
myosin Since this is the fraction which yields most readily to salt 

extraction, it may consist of those parts of the fibril most easily fragmented 
and may thus comprise the shorter myosin micelles ; its low viscosity tends 
to support this inference. The crystallinity of myosin A in the accepted 
sense cannot be admitted. 

The earlier electrophoretic studies of myosin sols have been extended 
by M. Dubuisson.^^ Three components, a, (3, and y, in the proportions 
25, 70, 5% (rabbit myosin), have been distinguished. (These electrophoretic 
designations must not be confused with a- and p- con figurations.) The 
a-component carried the turbidity of the solution ; the y was absent from 
exhausted muscle and the a markedly decreased. The separation of the 
components by fractional salting out,^® combined with a study of their 
physical properties, suggests that the a-fraction has a larger (average) 
particle weight than the p. The existence of electrophoretic components 
might imply (a) that myosins of differing composition and hence of differing 
net charge occur, [h) that various complexes of myosin with other substances 
(actin, tropomyosin, ATPase) exist, or (c) that the net charge is dependent 
to some extent upon the degree of aggregation of the molecules, i.e., upon 

C. E. Hall, M. A. Jakus, and F. O. Schmitt, Biol. Bull. Woods Hole, 1946, 90 , 32. 

Acta Physiol. Scand., 1945, 9 , suppl. 25. 

V. A. EiigeUiardt, Advances in Enzy7nology, 1946, 6, 147. 

M. V. Ardeime and H. H. Weber, Kolloid^Z., 1941, 97, 322. 

20 M. ZijBf and D. H. Moore, J. Biol. Chem., 1944, 163 . 653. 

2^ A. Szent-Gyorgyi, Stud. Inst. Med. Chem. Univ. Szeged, 1943, 8, 76. 

Experientia, 1946, 2, 268. •* Idem (private communication). 
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the size of the micelle. In view of the known randomness of particle size, 
(c) is the most likely, (b) a possible, and («) an improbable explanation. 

Analytically, myosin is distinguished by its high content of free carboxyl 
and basic groups, and in general amino-acid composition resembles fibrino- 
gen.^ The highly charged character is admirably suited to processes 
requiring changes in the state of aggregation, and thus to the r61e which 
both proteins play in their respective biological environment. Improved 
values for the hydroxy amino-acids and the bases have been obtained, 
but it is probable from the careful titration data of M. Dubuisson that the 
dicarboxyhe acids are underestimated. Analyses of myosin suffer from 
the lack of any criterion for the purity of the protein. Besides ATPase, 
which may or may not be identical with myosin, there are present traces 
of nucleic acid,^® adventitious enzymes, and, for the type of preparation 
usually analysed, 1 — 2% of actin.^® 

Adenosine Tri'phosphatase . — All available evidence suggests that ATPase 
is either very firmly bound to, or part of, myosin itself. The salient pro- 
perties of the enzyme, already reviewed,^' are : (1) its specific activation 
by the Ca ion® and the remarkable effect of in antagonizing this 

action ; (2) the inability to split more than one phosphate from ATP ® (if 

myosin is purified at a somewhat alkaline pH, it appears to retain myokinase 
which carries the degradation to adenylic acid ; (3) the alkaline pH 
optimum of 9 ; ® (4) the protective action of amino-acids ® (and carnosine) 

against heavy metal inhibition ; (5) the sulphydryl character of the enzyme.^^ 
SH oxidants (porphyrindin^^ hydrogen peroxide thiol reagents (p-chloro- 
mercuribenzoate or alkylating reagents (chloroacetophenone, iodo- 
acetate all reduce or destroy ATPase activity. However, oxidants are 
more effective inhibitors than alkylating reagents, and these must be 
added in greater concentration than is necessary for most accredited SH 
enzymes. In considering the evidence for the identity of ATPase and 
myosin, it is noteworthy that the extent of reaction of an oxidant such as 
iodosobenzoate with myosin SH groups^® is also greater than that of a 
powerful alkylating reagent such as chloroacetophenone.^ In these respects, 
enzyme properties run parallel with those of myosin itself. (Another 
peculiarity of the SH groups of myosin was observed by W. C. Hess and 
M. X. Sullivan.^® Hydrolysis of a myosin sol yields about 1% of the protein 
weight as cysteine, but hydrolysis of myosin dried in a vacuum yields 
entirely cystine.) 


** M. W. Rees, Biochem. J., 1946, 40 , 632. H. T. Maepherson, ibid., p. 470. 

Arch. InL Physiol., 1941, 61 , 133; idem, ibid., 1943, 63 . 308. 

27 J. G. Sharp, Biochem. J ., 1939, 33 , 679. Bailey, unpublished. 

K. Bailey and S. V. Perry, unpublished. 

G. D. Greville and H. Lehmann, Nature, 1943, 162 , 81. 

2^ H. 0. Singher and A. Meister, J. Biol. Chem., 1945, 169 , 491. 

22 T. P. Singer and E. S. G. Barron, Proc. Soc. Exp. Biol. Med., 1944, 56, 120. 

»» J. W. Mehl, Science, 1944, 99 , 618; M. Ziff, J. Biol. Chem., 1944, 163 , 26. 

K. Bailey, unpublished. »» J. Biol. Chem., 1943, 161 , 036. 
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D. B. Polls and O. Meyerhof^® have briefly described a method of obtain- 
ing a myosin fraction 2 — 3 times as active as the original. Somewhat 
earlier, W. H. Price and C. F. Cori reported the so})aration of ATPase from 
myosin, and found that the enzyme was no longer activated by Ca^^ but 
was so by creatine. The claim of separation has now been withdrawn,^® 
since further work shows that the myosin-free enzyme is creatines phospho- 
kinase, derived from impurities in the myosin 2 )reparation. 

Actin and Myosin A . — The many jmpers of Szent-Gydrgyi and his 
school concerning the interaction of actin and myosin, and the hypothe- 
tical role of actornyosin in muscle contraction can be described only in outline. 
When minced muscle is left in contacjt with a salt solution adequate to extract 
myosin, the resulting hrei gradually thickens to a gel-like consistency. This 
change can be simulated with the isolated comj)onents of the reaction, first 
by f)btaining myosin which yields to salt solutions after a 20 minute 

extraction 2 )eri()d, and secondly by washing the muscle residue with an 
alkaline buffer, drying the residue in acetone, and extracting with water to 
obtain actin The aqueous extract of actin is not viscous until salt is 

added; it then changes to a limpid gel of “ a(*tive a(;tin ” which is both 
thixotropic and flow-birefringent. In salt solutions of ionic strength 0 5 — 
1*5, the addition of actin to myosin A greatly increases the viscosity above 
that of either comjxjnent at the same dilution, and this increase is nullified 
by addition of ATP (1 mole/70,000 g. myosin). The action of ATP is not 
entirely specific, since inorganic pyrophosphate (at 0° but not at 20"^) and 
5% urea act similarly. In the EM, actoinyosin apjiears to consist of a 
network of anastomosing filaments,^ the type of structure which might 
readily be predicted from a consideration of its gel-like properties. 

Myosin 2 )re 2 ^ared in the classical manner differs from myosin A in con- 
taining 1 — 2% of actin which enhances its viscosity. The addition of ATP 
therefore effects a slight reduction in viscosity, an effect which was first 
discovered by J. Needham and his collaborators before the discovery of 
actin itself. By the ATP- viscosity test, myosin A contains no, or only a 
trace of, actin. 

In a sparse ionic atmosjihere, the interaction of actin, myosin, ATP and 
salt ions leads to interesting effects which have been woven rather pre- 
maturely into a theory of muscle contraction.^’^ An aciueous gel of acto- 
myosin, within certain limits of salt ( 2 )ota 8 sium chloride) concentration, 
precipitates, and the zone of precipitation is narrowed in jiresence of Mg 
ions and/or ATP. In addition, ATP causes an enhanced shrinkage of the 

J. Biol. Chem., 1946, 163 , 339. 37 162 , 393. 

38 C. F. Cori, ibid., 166 , 395. 

33 S. Karges, “ Studies from the Institute of Medical Chemistry University Szeged ”, 
Basle and Now York, 1941—1942, 1; 1942, 2; 1943, 8. 

*3 I. Bariga and A. Szent-Gyorgyi, ibid., 1941 — 1942, 1, 6. 

A. Szent-Gyorgyi, ibid., 1943, 8, 76. F. B. Straub, ibid., 1943, 8, 38. 

^3 W. F. H. M. Mommaerts, Arkiv. Kcmi, Min. Qeol., 1946, 19A. 

W. T. Astbury, S. V. Perry, and R. Reed (private communication). 
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particles, and this effect has been studied in some detail with threads of 
actomyosin, prepared by dissolving the complex in 0-5M-potassiuin chloride 
and squirting the solution into 0*()5M-potassium chloride. If the environ- 
ment is now changed to one consisting of ()• 1 M-potassium chloride-O-OlM- 
magnesium chloride-0-09 % sodium-ATP, an isodimensional contraction of 
60% is produced in 5 minutes. As Astbury ^ has pointed out, this synaeresis 
of actomyosin in presence of small t^on cent rat ions of ions cannot bo con- 
sidered unique in chain-molecular systems. Its most important feature is 
the enhancing action of ATP, and the explanation of this effect must be 
sought in the same terms as that producing a reduction in viscosity when 
ATP is added to actomyosin in the stronger (0*r)M) salt solutions. 

Though it has not been emphasised by the Hungarian workers, the unique 
feature of the interaction of myosin and actin is that it occurs at ionic 
strengths (up to 2m) which ivould greatly reduce the purely electro- 
static interaction of one protein with another. It seems likely then that a 
special interaction is involved, perhaps a type of co-ordination, in which the 
actin and myosin interact at some specihe chemical grouj)i ng. This inference 
was fruitful, since it led to the finding that SH reagents (iodoacetatc, 
iodoacetamide, p-chloromercuribenzoate, o-iodosobenzoate) prevented the 
interaction. Only the 8H grou])s of myosin are concerned : actin itself is 
rich in SH groups, but, of these, 0*8% (as cysteine/ 100 g. [)rotein) may be 
oxidized by iodosobenzoate without influencing appreciably the reaction 
with myosin. By contrast, the oxidation of the cysteine of myosin to the 
extent of 0-5% (total 1-16%) prevents actomyosin formation. Moreover, 
the concentrations of the various poisons (as m-mol./mg. myosin) which 
inhibit actomyosin formation are almost identical with those which Singer 
and Barron found to inhibit ATPase. This quantitative correlation 
between myosin SH groups and its ATPase activity on the one hand, and 
what might be termed its gross colloidal behaviour on the other, argues 
strongly for th-e identity of myosin and ATPase ; particularly so, when the 
substrate for the enzyme reaction (ATP) so profoundly influences the 
colloidal reaction. These interrelationships are further strengthened by the 
fact that ATP, wherever it acts as substrate, does so with enzymes either of 
proven or suggested SH character (creatine })hosphokina8e,^’^ yeast hexo- 
kinase,^® the choline acetylase system ^®), and may be deemed to have an 
affinity for some type of SH grouping to be found in proteins. 

In the light of these facts, it is supposed that certain SH groupings in 
myosin, probably identical with those of ATPase, can interact either with 
actin (through an unknown group) or with ATP, but that ATP competes 
more successfully, and transforms the actomyosin gel into its freely-moving 

F. Guba, Stud. Inst. Med. Chem. Univ. Szeged^ 1943, 3 , 40. 

K. Bailey and S. V. Perry, Proc. Biochetn. Soc., 1947, 41 , in press. 
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components. In concentrated salt solution the effect is revealed in viscosity 
reduction ; in very dilute salt solutions, the loss of gel structure allows the 
myosin particles to precipitate in the way that actin-free, salt-free gels of 
myosin precipitate on addition of small amounts of salt. Schematically : 

: ATP + Actin ^ ADP f phosphate 

The view that the ATP-myosin-actin interaction is the keystone of 
muscle contraction is quite premature until more is known of the nature of 
a(!tin, the nature of the forces involved in its interaction, and the nature 
of the groups we have termed “ sulphydryl ” but which possess properties 
not readily explained as simple reactions of the ordinary thiol group. 

The plausibility of a hypothesis must not be mistaken as its proof, and the 
invocation of the lock and key mechanism, whereby actin is the lock and 
ATP the key,^*^ must obviously be explored; but the scope for hypothesis 
in the explanation of muscle contraction is so great, and the possibilities so 
numerous, that it is more profitable to dissect the pieces than to construct 
the whole. Any ultimate interpretation must show how ATP and actin 
affect the intramolecular contractility of myosin chains ; it would not seem 
to involve a consideration of synaeresis effects. 

Tropomyosin , — This newly discovered protein ^ of the fibril is of asym- 
metric character but of relatively low molecular weight (about 90,000). In 
rabbit skeletal muscle it comprises 0*5% of the fresh muscle weight. Though 
water-soluble after isolation, it cannot be extracted from minced muscle by 
water and only slowly by salt solutions. Likewise, it is not extracted by 
water from washed muscle residue dried in ethanol -ether, but is so by 
M-potassium chloride. These properties suggest a metathetic link with 
one or more constituents of the fibrU. 

In salt-free solutions, tropomyosin is extremely viscous and shows 
positive flow- birefringence ; addition of salt to 0-1m effects a large reduction 
in viscosity (the reverse of the effect of salts on actin), and such solutions 
when subjected to isoelectric crystallisation procedures deposit large 
birefringent plates containing 90% of water. EM Studies show that the 
enhanced viscosity in absence of salt is due to the perfectly regular aggregation 
of particles into fibres, built up presumably hy electrostatic interaction of 
one molecule with another. The phenomenon might suggest the mechanism 
whereby the polymeric proteins (keratin, collagen, myosin) are initially 
elaborated from smaller units. The depolymerising action of guanidine and 

Review by H. Neurath, J. P. Greenstein, F. W. Putnam, and J. O. Erickson, 
Chem, Reviews, 1944, 84, 167. 

K, Bailey, unpublished. 
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urea gives some clue to the size of the suhmolecules which make up the 
native protein, since it is unlikely that anything more than a splitting of 
hydrogen bonds is involved. In urea, myosin does in fact depolymerise to 
units of the same average molecular weight (100,000) as tropomyosin. 

The significance of tropomyosin rests entirely in the possibility that it is a 
sub-unit of myosin. Not only is it an a-protein par excellence, hut the amino- 
acid composition, now completed, is entirely of myosin ty])e. The two 
analyses are not identical, since tropomyosin is rather more polar, and in 
any case we cannot consider that a pure myosin has yet been analysed or that 
myosin as we know it has been adequately analysed. The evidence for some 
fundamental relation between the two proteins, from structure, analysis, 
occurrence in the same histological site, is so impressive that the name tropo- 
myosin has been adopted to suggest it. Its existence as an a-keratin type 
which is both fibrous and crystalline is a logical outcome of all that is implied 
in the systematic researches of the Leeds school. 

K. B. 


4. Magnetic Properties op H^mattn Derivatives. 

Magnetic Susceptibility. — The volume susceptibility k of a substance is the 
ratio of the intensity of magnetisation to the strength of the magnetic 
field : K = I/H, and the mass susceptibility {i.e., per unit mass) x — #c/p. 
Apart from the few ferromagnetics, all substances may be classified as 
diamagnetic (x negative) or paramagnetic (x positive). In a non-uniform 
magnetic field these two groui)s are subjected to forces directing them 
away from or towards the region of maximum 11 respectively. Diamagnetism 
is a property of all matter arising from the effect of the field on the orbital 
motion of the electrons and has been recently reviewed.^ Certain sub- 
stances (e.g.y salts of transition elements, or oxygen) as well as organic free 
radicals ^ possess a permanent magnetic moment arising from unpaired 
electron spins and therefore exhibit a ])ronounccd paramagnetism which 
swamps the numerically much smaller diamagnetism. 

Curie showed that paramagnetism usually obeyed the law 

Xm - CmIT (1) 

where Xm = X-^ Cm = the Curie constant per g.-mol. The classical 
theory of Langevin for paramagnetic gases derives an expression xm = Oq^ISRT 
where ctq (g.-mol. magnetic moment) — g (molecular magnetic moment) X N. 
From the Bohr theory of atomic structure the natural quantum unit of 
magnetic moment = 9*174 x 10'^^ E.M.U. Hence unit per g.-mol. ^ 
9*174iV X 10“^^ = 5564 E.M.U. This quantity is known as the Bohr 
magneton (pb). Hence 

3RCm 

. ^ 5564 “ 5564 ' 

** A. E. Mirsky and L. Pauling, Proc. Nat. Acad. Sci., 1936, 22, 439. 

** H. H. Weber and R. Stover, Biochem. Z., 1933, 269, 269. 

1 W. R. Angus, Ann. Repoita, 1941, 88, 27. * D. H. Hey, ibid., 1940, 87, 263. 
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Substitution from (1) gives 

(Xb = 2-84\/?Xm (2) 

From the quantum -mechanical development of Langevin’s theory equations 
are derived relating gj, to the number of unpaired electron spins. The 
simplest type is in the form 

= gvVdT 1) (3) 

where g and j are functions of the orbital and spin moments of the electrons. 
This formula has successfully been applied to the paramagnetic rare earths,^ 
where the unpaired electrons are in an inner shell and consequently shielded 
from the influence of neighbouring molecules. When considering salts of 
iron and other transition elements it is necessary to postulate a consider- 
able diminution or even the disappearance of the orbital moment in order 
to account for the experimental figures. Equation (3) now reduces to 

= 2 \/«(s +“T) ( 4 ) 


where s ™ resultant electron spin moment of the atom. I'lie loss of orbital 
contribution is ascribed to the close proximity of other molecules in the 
liquid and solid states.^ 

Electronic Structure and Magnetic Moment . — The Fe”* and Fe” ions 
contain 24 and 25 orbital electrons respectively. Omitting the inner 18, 
which make up the stable argon configuration of 9 jiaired electrons, the 
arrangement of the remainder in the shell can be expressed by {a) and 
(6) with 5 and 4 unpaired electrons (u.e.), respectively : 
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® H. Terrey and O. J. Walker, .4wn. ReportSf 1937, 34, 122. 

* For full discussion of theoretical aspects reference should be made to E. C. Stoner, 
“Magnetism and Matter” (Methuen, 1934), and to J. H. Van Vleck, “The Theory 
of Electric and Magnetic Susceptibilities ” (Oxford, 1932). Less advanced treatments 
and also experimental methods are given by S. S. Bhatnagar and K. N. Mathur, 
“ Physical Principles and Applications of Magnetochemistry ” (Macmillan, 1935), 
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In complex salts such as ferri- and ferro-cyanides two electrons from each 
ON' (Sidgwick’s lone pairs) ^ fill the outer orbitals, leading to the stable 
krypton configuration and to a decrease in paramagnetism following the 
pairing of 3d electrons, (c) and (d). The structure of square 4-covalent 
complexes can be expressed by (e) and (/), but in such cases the maximum 
co-ordination number of 6 may be achieved by the formation of two ionic 
bonds when the probable structure is a resonance equilibrium of six equiv- 
alent bonds of intermediate tyi)e.® No examples of type (/) are known,* 
and (e) is limited to a few haematiii derivatives. 

The value of s in equation (4) is ^ for each unpaired electron ; hence, 
from (2) and (4) the relationships between the number of u.e. and the para- 
magnetism and valency of the iron may be calculated (Table I). As 
L. Cambi and L. Szegoe have shown that hsemin obeys Curie’s law, these 
figures can be applied to its derivatives. 


Unpaired electrons 
MB 

lOV. (20°) 

Valency of Fe 


0 

0 

0 

2 


Table I, 

1 2 

1-73 2*83 

1270 3390 

3 2 


3 4 5 

3*87 4*90 5*92 

6350 10,180 14,820 

3 2 3 



Hoem (ferrous protoporphyrin) : the active group of haemoglobin. Full lines repre- 
sent bonds which, on accoimt of resonance, are intermediate between single and double 
bonds. 


Structure and Nomenclature of Heemin Derivatives . — The interrelationships 
of hsematin derivatives have been formulated by D. Keilin ® but the intro- 
duction of a new system of nomenclature has led to some confusion. 


and by P. W. Selwood, “ Magnetochomistry ” (Interscienco Publishers, 1943), Experi- 
mental technique (Gouy method) is described by C. M. French and V. C. G. Trew, 
Trans. Faraday Soc.y 1945, 41, 439, and by L. Pauling and C. D. Coryell, Proc. Nat. 
Acad. Sci.y 1936, 22. 169. 

® “ Electronic Theory of Valency ” (Oxford, 1937). 

• L. Pauling, The Nature of the Chemical Bond (Cornell University Press, 
1942). 

’ Rend. Ist. Lombardo sci., 1934, 67, 276. 

® M. L. Huggins, Ann. Rev. Biochem.y 1942, 11, 652. 

• Ergebn. Enzymforsch.y 1933, 2, 239. 

L. Pauling and C. D. Coryell, Proc. Nat. Acad. Sci., 1936, 22, 210. 

• With the possible exception of ferrous phthalooyanine {J. pr. Chem., 1939, 154t 
73). 
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The two systems are summarised in Table II, where the basic structures of 
the more important derivatives are given. In this report the original 
nomenclature will be used. 

Table 11. 


Original nomonclaiuro. 

Hajin * 

Ha^miii 

Haanatin 

U imnoglobiii * (Hb) 

Oxyhuemoglobin 

Carbon monoxide Hb ... 
Acid mothajrnoglobin 

Alkaline metHb 

Hoeinochromogon * 

Parahaarnatin 


Valeney 
of Ke. 

2 

li 


Croups attached to Fe 

other than porpliyrin. New nomonelature. 
(^HgO ?) t Ferrohorne 

( /b r Hemin 

1 Forrihemo chloride 


a 

2 

2 

2 

3 

3 

2 

3 


OH' (H..O ?) t 
globin 
O 2 globin 
CO globin 
globin (HgO ?) 
globin OH' 


Ferriheme hydroxide 
l^’errohernoglo bin 
Oxyhemoglobin 
Carbonrnonoxy Hb 
FeiTihemogk)bin 
Ferri Hb hydroxide 


'I denatumd globin or 2 mols. ( Ferrohemochromogen 
J organic base {e.g., pyridine) iFerrihemochromogen 


These combine reversibly with (X). 

t See structures postulated by T. H. Davies, J. Biol. Chem.y 1940, 136, 597. 


Magnetic Measurements on Hwmatin Derivatives . — ^Work in this field up 
to 1941 has been summarised by 8elwood^ and by 1). L. Drabkin.^^ The 
more recent publications have been devoted to catalase and peroxidase. 
The susceptibilities of the derivatives under review arc collected in Table 111. 

(A) Ilwmoglohin arid its {ferrous) derivatives. The first precise magnetic 
measurements on haemoglobin (Hb) and on HbOg and HbCO were made by 
Pauling and Coryell.^® The iron of the oxygen and the carbon monoxide 
derivatives has zero magnetic moment, while the paramagnetism of Hb 
corresponds to pb 5-46, which is in excess of the theoretical 4-90 for 
4 ii.e. The high value was attributed to hsem-haem interactions which 
tend “ to stabilise to some extent the parallel configuration of the moments 
of the four hemes in the molecule.’’ The alternative explanation of an 
a})j>reciable orbital contribution was rejected through consideration of 
certain ferrous complexes containing nitrogen, The combination of two 
paramagnetics, Hb and oxygen, to give a compound with zero moment 
must result in a profound change in the oxygen molecule involving the 
disappearance of two u.e. Electronic structures for HbOg and HbCO are 
put forward. Compounds of Hb with ethyl isocyanide and with cyanide 
ion and nitric oxide have zero moment. Thus in Hb the iron bonding is 
ionic, while in the derivatives the iron is covalently linked. 

By taking Hb (pb == 5-43) and HbCO (pb = 0) as standards at 24*^, 
C. D. Coryell, P. Stitt, and L. Pauling devised a simple method for deter- 
mining xm and Pb for derivatives of Hb, using the Gouy technique. If A*^Hb is 
the apparent change in weight on applying the magnetic field to a tube of 
Hb 02 + reducing agent (Na 2 S 204 ) and A„,Hboo the corresponding change after 

Ann. Rev. Biochem., 1942, 11, 662. 

L. Pauling, J. Amer. Chem. Soc., 1931, 58, 1367. 

C. D. Kuflsell and L. Pauling, Proc* Nat. Acad. Sci., 1939, 25, 517. 

F. Stitt and C. D. Coryell, J. Amer, Chem. Soc., 1939, 61, 1263. 

Jbid^ 1937, 69. 683. 
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saturation with carbon monoxide, then — ^tcHboo is ^ measure of the 
paramagnetism of Hb (xm — 12,290 x 10~®) after correction for the dia- 
magnetism of the NagSgO^. If is the observed change in weight with 
an equimolecular solution of a Hb derivative, the molar susceptibility and 
magnetic moment of the latter can be obtained from 


Xm — 


^wnbco 


A|^IIb ‘ 


12,290 X 10-6 




/ A^^ — Ay;,ghCO \ ^ 
\A„,Kb — A,i,£rb(jo/ 


The figures 12,290 X lO'^ and 5*43, which arc due to C. 1). Coryell and 
F. Stitt, ^6 arc slightly lower than the original figures of Coryell et al}^ 

D. S. Taylor and C. D. Coryell found significant variations among 
several Hb’s : 


Cow. Horso. Sheep. Human. 

10«xm 12,290 12,260 12,390 11,910 

/iB 5-435 ± 0 01 5 5-43 5-46 6-35 


The differences were ascribed to variations in ha3m-hiem interaction which 
are apparent also from variations in the oxygen affinity in the different 
species. The identical susceptibilities of laked and unlaked red blood cells 
are further evidence for the identity of intra(;orj[)uscular and free Hb.^^ 
Estimates of the susceptibility of the non-luemin Fe of blood were made.'® 
The two theoretical bases of the Hb | O 2 equilibrium })roposed by 
G. S. Adair and by L. Pauling 21 liave been discaissed by C. i). (Joryell, 
L. Pauling, and R. W. Dodson from the magnetic standpoint. They con- 
clude that the susceptibilities are more in accord with Pauling’s view of fom* 
essentially independent haems in the Hb molecule wliere the oxygen affinit}^ 
of one hajin is influenced by the oxygenation of a neighbouring luem. Adair’s 
concept of a 4-fold haun structure combining progressively with 1 — 4 oxygen 
molecules appears to require a much higher value for the magnetic moment. 
The theory of Hb structure due to J. Wyman postulates that the two 
dissociable acid groups of Hb detected by electrode -potential measurements 
within the range pH 5 — 9 arc irainazole groups of histidine by which Fe is 
linked to the protein. C, D. Coryell and L. Pauling,*'^^ from a considcu'ation 
of potentiometric and magnetic data, provide a theoretical basis of the Bohr 
effect (variation of oxygen affinity with pH) and also of the change on 
oxygenation from ionic to covalent bonding in terms of resonance equilibria 
of the iminazole groups. 

(B) Methcemoglobin and Us derivatives. Coryell, Stitt, and Pauling 
have measured the susceptibility of the acid and alkaline forms of MetHb 
and of the F', CN', and SH' derivatives. Their results indicate 5 and 3 u.e. 

J. Amer. Chem. Soc., 1940, 62, 2942. Ibid., 1938, 60, 1177. 

D. Keilin and E. F. Hartree, Nature, 1941, 148, 75. 

G. Barkan and O. Schales, Z. physiol. Chem., 1937, 248, 96. 

*0 Proc. Roy. Soc., 1926, A, 109, 299. *1 Proc. Nat. Acad. Sci., 1935, 21, 186. 

« J. Physical Chem., 1939, 48, 825. J. Biol. Chem., 1939, 127. 581. 

The iminazole theory has been criticised by H. F. Holden, Ann. Rev. Biochem., 
1945, 14 , 699. 

« J. Biol. Chem., 1940, 182 . 769. 
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for acid and alkaline MetHb respectively, 5 u.e. for the F', and 1 u.e. for 
the other derivatives. The considerable deviations from the theoretical 
figures are discussed from the points of view of hsein-haem interactions and 
orbital contributions. These authors were obliged to postulate a hsein- 
haem interaction as the cause of low values of magnetic moment in spite 
of the fact that interaction had been considered responsible for the high 
values found for Hb. The whole position becomes less tenable following 
the magnetic measurements on myoglobin (see below). Magnetic studies 
of the change from acid to alkaline MetHb indicated a p^ of 8-12 for the 
equilibrium MetHbOH MetHb* + OH', and the I : 1 ratio of Fe to CN' 
in MetHbCN was confirmed. The unstable im inazole derivative as well 
as compounds with azide ion and ammonia likewise a])pear to be essentially 
covalent (1 u.e.). A compound with EtOH has been reported with a 
moment of 5*39.^® A slight variation in gB) indicating three forms of acid 
MetHb, has been reported ^6 corresponding to the dissociation of acid 
groups. The possible structures of MetHb and derivatives are discussed 
but without definite conclusions. 

(C) Myoglobin, Myoglobin contains only one ha^m group per molecule, 
hence the difference between the moments of this pigment and of Hb 
should be a measure of luem-hsem interactions in the latter. J3. S. Taylor 
found pb — 5*46 and 5*85 for myoglobin and acid metmyoglobin, respect- 
ively, which are virtually identical with the corresponding Hb figures. 
The excess over 4*90 in the case of Hb and myoglobin must therefore be 
due to an exceptionally large orbital contribution. Among Fe** salts this 
contribution is small (0*2 — 0*3) and Taylor suggests that in Fe'’-porphyrins 
the nitrogen atoms, being part of a rigid cyclic structure, are held at a 
greater distance from the Fe atom than are the anions in simple Fe** salts. 
On this hypothesis a less effective quenching of the orbital contribution 
can be expected. The view of Pauling el al.^^ that hoem-hsem interaction 
can markedly modify the magnetic moment cannot be generally accepted. 

(D) Hceminy hcemoMn, hmrn, and hcemochromogems. A thorough study 
of these simple derivatives is an essential prerequisite for a further inter- 
pretation of the susceptibilities of the natural haem i)igments. Cambi and 
Szegoe found that the paramagnetism of a pyridine solution of haemin 
decreased with time. The recorded values of (Xb for crystalline haemin are 
5*81,7 5.83^28 5.(j9^ 5.93^29 5.77^30 ^nd 5*96—6*00. Leaving aside the last 
figures (calculated from the results of F. Haurowitz and B. K^itteP^), the 
average of 5*81 indicates ionic bonds. According to Pauling and Coryell 
the susceptibilities of haematin, haem, and haemochromogens indicate 5, 4, 
and 0 u.e., respectively. W. A. Rawlinson^® investigated the same deriv- 

*® R. V. Zeyneck, Z, physiol. Chem., 1901, 426. 

J. Afmr, Chem. Soc., 1939, 61, 2160. Reporter’s unpublished results. 

L. Pauling and C. D. Coryell, Proc. Nat. Acad. Sci., 1936, 22, 169. 

W. A. RawUnson and P. B. Scutt, private communication. 

Ber., 1933, 66 , 1046. 

** J. Exp. Biol. Med., 1940, 18, 185. 
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atives under different conditions. He confirmed the fall of susceptibility 
with time of hsemin in pyridine and ascribed it to parahaematin formation 
in presence of traces of water ; in absence of water pyridine does not co- 
ordinate with haomin. Pyridine parahaematin (hsemin in pyridine and 
sodium hydroxide) has the expected covalent bonding (jjib = 1-97). Pauling 
and Coryell found [Xb == 5*56 for hsematin solution (hsemin in sodium 
hydroxide solution) to which sucrose had been added to prevent aggregation 
and precipitation. In absence of sugar the lower values 3-52 and 3-23 
corresponding to 3 u.e. have been obtained. The high degree of aggregation 
of haemin in aqueous alkali may give rise to these lower values. The 
aggregates can be broken down by addition of cyanide and consequent 
saturation of the Fe valencies,®® and apparently also by sucrose. A measure 
of the influence of aqueous solvents can be obtained from the magnetic 
measurements of Rawlinson and Scutt®^ on a series of compounds in 
the solid state : chloro-, bromo-, acetoxy-, forraoxy-, and aza-hserains, 
ha 3 min dimethyl ester, hsematin, and the anhydride and half anhydride of 
hc'cmatin. The experimental figures for gs range between 5*71 and 5*89 
except for one sample of haematin where the average value is 5*43. The 
low magnetic moment for huDmatin solutions therefore appears to be duo to 
the associating effect of the solvent. 

(E) Cytochrome-Q. Of the components of cytochrome, only c can be 
extracted in a pure form. H. Theorell ®^ studied the absorption spectra 
and the magnetic properties of the oxidised (Fe***) pigment at varying pH 
and demonstrated the existence of 5 forms 1 — V in which 10®xm ranges 
from 13,060 at pH 0-8 to 1900 at pH 13-5. The results are interpreted in 
the light of the iminazole linlvage theory.®® Thus type I which exists in 
very acid solutions resembles spectroscopically the free hacraatin of cyto- 
chrome c and shows 5 u.e. Type V on the other hand is a typical para- 
hacmatin with covalent bonding. The intermediate forms represent stages 
in the progressive titration of the iminazole groups which consequent changes 
in bond type. Type III exists over the pH range 4 — 10 and is thus the 
only one of physiological significance (10®Xm == 3300). The strong covalent 
bonding precludes the formation of cyanide and fluoride derivatives which 
can be detected only at high or low pH when the Fe bonds may be loosened. 
A compound with nitric oxide in neutral solution has, however, been 
reported.®^ Ferrous cytochrome-c has the same absorption spectrum and 
zero magnetic moment at all pH’s. It is a typical hsemochromogen except 
that it is not autoxidisable at physiological pH. Some loosening of the 
bonds must occur at extremes of pH in order to account for the observ- 
ations®®'®® that the pigment is autoxidisable at pH <4 and >10 and 
that it combines with carbon monoxide at pH 13. Theorell concludes that 
the essential difference in structure between Hb and cytochrome-c is that 

K. Zoile and F. Reuter, Z. physiol, Chem., 1933, 221, 101. 

3* J. Amer, Ghent. Soc., 1941, 63, 1804, 1812, 1818, 1820. 

D. Keilin and E. F. Hartree, Proc. Roy. Soc., 1937, J5, 122, 298. 

D. Keilin, ibid., 1930, B, 106, 418. 
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in the former only one of the two iminazolos is favourably orientated for 
strong co-ordination with iron, but in the latter two strong bonds are 
formed. Thus, the bond available in Hb for reaction with oxygen or carbon 
monoxide is only available to cytochrome-c at extremes of pH. 

(F) Catalase and peroxidase. In order to deal with the very small 
quantities of these enzymes which can be obtained in the pure state, 
H. Theorell constructed an apparatus for micro -determination of suscept- 
ibility. A narrow glass tube divided by a central septum into two equal 
lengths is suspended horizontally from two long fibres. Solvent and enzyme 
solution are placed in the two halves of the tube and a strong magnetic 
field is applied at the region of the septum. From the longitudinal dis- 
l)laoement the paramagnetism of the iron may be calculated. 

Using cr 3 ^stalline horse-liver catalase, H. Theorell and K. Agner cor- 
rected the earlier figure of gn = 4-()4 and studied several derivatives of 
catalase. The magnetic study of this substance presents considerable diffi- 
culties. For instance, as the iron content is only 0 093%, very concentrated 
solutions must be used, involving large corrections for diamagnetism. 
Furthermore, in pure ” crystalline liver catalase only about 75% of the iron 
is })resent as haunatin, the remainder being in the form of a bile-pigment 
derivative. The necessity of assuming a value for the susceptibility of the 
latter, and at the same time assuming that it constitutes 25% of the iron, 
introduces uncertainties into the calculations of ha^rnatin-Fe susceptibility. 
The partition of ii'on betw(‘-en ha;matin and bile pigment in pure catalase is 
variable,^® although Theorell finds evidence for about 25% of the latter 
in his samples by magnetic titration with hydrogen cyanide. By analogy 
with acid MetHb, the iron of catalase has 5 u.e. ([^b — 5*89) and hence 
ionic bonding. Similar bonding in azide catalase is in striking contrast to 
the azide derivative of MetHb. D. Keilin and E. F. Hartree showed that 
azide catalase reacts with peroxides to give a derivative which combines with 
carbon monoxide and is autoxidisable and therefore contains ferrous iron. 
It was proposed by analogy that free catalase would undergo a similar 
cyclic valency change during the decomposition of hydrogen peroxide. 
According to Theorell and Agner, however, the susceptibility of azide- 
catalase + peroxide in nitrogen or carbon monoxide indicates that no 
reduction takes place. These results are criticised by Keilin and Hartree 
on the grounds that the peroxide derivatives are too unstable to remain 
unchanged during the magnetic masurements. Figures for the CN', SH', 
and F' derivatives of catalase are given in Table 111. 

Crystalline horse-radish peroxidase and its derivatives have been 
examined by Theorell In this case the total iron (0*127%) is present 

Ark'iv Kemi, Min. GeoJ., 1942, 16, A, No. 1. 

JbuL, No. 7. 

L. Michaelis and S. Cranu*k, J. Gen. Physiol., 1941, 26, 325. 

K. Lemborg and J. W. Legge, Biochem. J., 1943, 37 , 117. 

Proc. Boy. Soc., 1938, B, 124 , 397 ; Biochem. J., 1945, 39 , 148. 

Enzymologia, 1942, 10 , 250. Arkiv Kemi, Min. Oeol., 1942, 16 , A, No. 3. 



HABTRBE : MAGNETIC PROPERTIES OP HJBMATIN DERIVATIVES. 


m 


Table III. 




Temp. 


U.e. 

HaBmoglobin (ox blood) 

12,290 

24^* 

6-43 

4 

Oa, CO, NO, CN, EtNC derivatives 

0 


0 

0 

MethsBinoglobin, acid 

14,040 

99 

5*80 

5 

,, alkaline 

8,340 


4-47 

3 

„ V' 

14,610 


5-92 

5 

„ CN' 

2,610 


2'50 

1 

„ SH' 

2,140 


2-26 

1 

„ im inazole 

2,910 

25 

2-66 

1 

„ NH 3 

3,700 


2-93 

1 

N,' 

3,300 


2-84 

1 

„ Eton 

12,250 


5-39 

5 

Myoglobin 

12,400 

24 

5-46 

4 

Motmyoglobin 

14,200 

99 

5-85 

5 

Hiomin (cryst.) 

average 

5-82 

5 

llaimatin (hsemin in NaOH) 

average 

3-52 

3 ? 

„ 4 - sucrose 

13,080 

20 

5-56 

5 

Haem (haematin 4 - 

9,310 

19 

4-69 

4 

Paralucmatiii (baiinatin ^ pyridine) 

Hiemoc^hromogons (pyridine, dicyanide, globin. 

1,660 

18 

1-97 

1 

nicotine) 

0 


0 

0 

lirornobsemin (solid) 

14.585 

14 

5-81 

5 

Acetoxyluemin (solid) 

14,618 

12 

5-80 

5 

Eormoxyhaunin (solid) 

14,94 1 

,, 

5 '86 

5 

Azabaimin (solid) 

14,320 

14 

5-76 

5 

Haemin dimethyl ester (solid) 

14,376 

13 

5-75 

5 

Ha 3 matin (solid) 

14,569 


5*79 

5 

Hiomatin i aiiliydrido (solid) 

15,053 

99 

5*89 

5 

H.'ematin anhydride (solid) 

14,456 


5*77 

5 

Peroxidase (pH 4 — 9) 

] 2,560 

20 

— 

5 

„ F' 

14,840 


— 

5 

„ SH' 

2,440 


— 

1 

„ CN' 

2,970 



1 

„ H 2 O 2 

Keel need peroxidase 

<4,800 


— 

1 ? 

11,410 

»» 

— 

4 

„ „ CO 

0 


— 

0 

Catalase 

1 4,665 


5-89 

5 

„ CN' 

6,830 


4-02 

3 

» N/ 

14,500 

99 

5-86 

5 

„ F' 

14,665 

99 

5-89 

5 

„ SH' 

7,290 

99 

, — . 

3? 

Azide catalase 4- HgOj in N, 

6,600 

9 9 

3-95 

? 

>> f» »» CO 

4,920 

99 

3-41 

? 

as htematin. The results (Table HI) arc 

similar 

to those 

obtained 

with 


MetHb except that 10®Xw for free peroxidase in neutral solution is rather 
low for 5 u.e, (12,650) and in alkaline solution it drops to 2800. The figures 
given for HgOg peroxidase are not significant, as a mixture of derivatives is 
])resent; nevertheless, covalent bonding is probable. Theorell records a 
very labile green hydrogen peroxide derivative which changes rapidly to 
the red hydrogen peroxide peroxidase I of D. Keilin and T. Mann.^ The 
CN', SH', and F' derivatives of peroxidase are strictly comparable with 
those of MetHb. 

(G) Covalent and ionic bonding. Although magnetic measurements 
indicate ionic bonding in some haematin derivatives, the iron is held more 
securely than in iron salts. Hence, all tests for the ion are negative and 
it cannot bo removed electrolytically. Furthermore, it has not been 

** Proc, Roy, Soc,, 1937, B, 122, 119. 
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possible to introduce radioactive iron into Hb by ion exchange.^® The 
enclosure of the iron atom within the cyclic porphyrin structure with its 
high resonance energy is no doubt responsible for its inaccessibility. Slight 
modifications of the porphyrin such as removal of one jCH (bile pigment) 
or hydrogenation of some double bonds (porphyrinogen) render the iron 
more labile. 

Analogies between Magnetic and Optical Properties of Hcematin Deriv- 
atives. — The relationships between absorption spectra and variation in iron 
bonding have already been outlined.^^ Since the magnetic and spectro- 
scopic approaches to the study of hsematin compounds must bo regarded 
as complementary, inasmuch as the same processes may in general be 
followed by both techniques, these relationships deserve special attention. 
The available data are collected in Table IV. 


Yo Fe 

(Jroup. vtiloncy. bonding. 
a 3 Ionic 


h Ionic 

c 3 Covalent 


cl 


Table IV. 

Colour and spectrum 
typo. 

Groon -brown. Abs. band 

in rod between 000 and 
040 infji. Strong band in 
blue, sometimes faint 
bands in green. 

Carmine-red-purple. Dif- 
fuse band in green. 

Bright red ; 2 diffuse bands 
in green. 

Brown -red tliffuso band in 


Examples. 

llaomin in sucrose- NaOlI. 
Hannin in pyi-idino. 
MotHb and F' cpd. Cata- 
las(^ and F' and Ng' epds. 
Peroxidase and F' cpd. 
Hflemoglobin. Myoglobin. 
Hicm. 

Sli', N/, H 2 O 2 cpds. of 
MotHb. 

SH', CN' cpds. of j^eroxidase. 
Parahsematins, e.gr., cyto- 
chrome-c. 

Oa, CO, NO cpds. of Hb. 
Haemochromogens (cyt.-c). 
Reduced peroxidase-CO. 


green. 

Covalent Scarlet to pink ; 2 very 

sharp bands in green. 


ExcejUions : (1) Alkaline Metllb is intermediate between (a) and (c) : 3 u.e., rod- 
brown colour, two bands in the green plus a narrow band at 000 mg. 

(2) MetHbCN falls into group (c) except that the spectrum resembles (6). 

(3) Reduced peroxidase falls into grouj^ (6) but has two bands in the green. 

(4) CN' and SH' compounds of catalase appear to have 3 u.e. Otherwise they resemble 
the corresponding MetHb compounds [group (c)j. 

E. F. H. 


5. Nutrition : Anti-anemia Factors. 

In the last three years a number of substances have been described with 
properties which justify their inclusion in a single group. Among them are 
vitamin M, vitamin Be, the norite eluate factor, the L. casei factor, factor U, 
folic acid, and the 8. lactis R. factor. Properties common to most of them 
are stimulation of bacterial growth and of haematopoiesis in mammals 
including man. It is the latter property which has given these substances 
prominence in the treatment of human macrocytic anaemia. It is now certain 
many of these substances share a common structure, varied by the attach- 
ment of dififerent chemical groups. The precise relationship among them has 
still to be established. A certain confusion obvious in papers dealing with 
See Selwood, op, cU, (ref. 4), p. 171. 
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these factors lies in the indiscriminate use of names, in attempts to relate those 
active towards micro-organisms with those active towards animals, and in 
neglect to state the source of the factors. The confusion is, however, being 
rapidly dispelled by reports upon the chemical nature of the factors. Mean- 
while unambiguous use of names is essential. 

No discussion of the animal factors can be truly appreciated without a 
sketch of those active towards L, casei and S. lactis R. The name “ folic 
acid ” has been used most haphazardly in designating concentrates and 
substances active towards animals and micro-organisms. In the first 
instance it was used by Williams ^ to denote a substance isolated in a highly 
purified form from spinach which stimulated the growth of S. lactis R, 
This substance is also active towards L. casei. With these two micro- 
organisms as test objects, the existence of several active substances has been 
established. Two factors have been isolated, one from liver and the other 
from yeast, both equally active towards L, casei.^ But towards S. lactis R. 
the liver factor is twice as active as the yeast one. A third L, casei factor 
has been obtained from a fermentation residue.^* ^ Compared with the liver 
L. casei factor it is 85 — 90% as active towards L. casei and only 6% towards 
S, lactis R, These three factors have been obtained in crystalline form. By 
degradation and synthesis the structure of the liver L. casei factor has been 
established by Angier and his colleagues^' ^ (I). 


C02H*[CH2]2-9H-NH-C0- 


COgH 


H9 

-NH-CHa— c 


N 


OH 


The j)resence in the molecule of the _p-aminobenzoyl group is of interest 
because of its antagonistic effects uj)on sulphonamides, and that of the 
2-amino-6-hydroxypteridine structure because of the many hints that the 


H-^ V 

COaH-/ N-NH-CHa-^ C 


% 

9-NHa 

N 


pterins have a part in haematopoiesis. Angier et al. recommend an acceptable 
nomenclature based upon pteroic acid (II), which, if adopted, would simplify 


1 H. K. Mitchell, E. E. Snell, and R. J. Williams, J. Amer. Cfmn. Soc„ 1941 , 63 , 2284. 

2 E. L. R, Stokstad, J. Biol, Chern,, 1943, 149 , 573. 

® B. L. Hutchings, E. L. R. Stokstad, N. Bohonos, and N. H. Stobodkin, Science^ 

1944, 99 , 371. 

* R. B. Angier, J. H. Boothe, B. L. Hutchings, J. H. Mowat, J. Semb, E. L. R. 
Stokstad, Y, SubbaRow, C. W. Waller, D. B. Cosulich, M. J, Jahrenbach, M. E. 
Hultquist, E. Kuh, E. H, Northey, D. R. Seeger, J. P. Sickels, and J. M. Smith, ibid., 

1945, 102 . 227. 

« Ibid,y 1946, 103 , 667. 
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the existing terminology of these new anti-ansemic factors. The liver L. casei 
factor would be named pteroylglutamic acid. The fermentation L, casei 
factor contains ^ two extra glutamic acid residues ; probably it is pteroyl- 
diglutamylglutamic acid. Another product was obtained by Angicr et al. 
by the same method of synthesis used for the L. casei factor, by the condens- 
ation of p-aminobenzoic acid with A^-(2-amino-6-hydroxy-8-pteridyl)methyl- 
pyridinium iodide. Unlike the other two substances, it is active towards 
8, lactis B. but not towards L, casei or the chick. It will be interesting if this 
product turns out to be identical with pteroic acid and the S. lactis R, factor 
of Keresztesy and his co-workers.® 

Synthetic L. casei factor is active in preventing anaemia in chicks.® It is 
highly probable that other crystalline products active in the same respect are 
identical with or closely related to pteroylglutamic acid. Pfiffner and his 
co-workers ® have isolated two compounds in crystalline form ; one, an 
orange coloured acid, named vitamin and a second from yeast, which 
has been named vitamin conjugate. Both have anti-ansemic activity. 
Vitamin B^. conjugate has a molecular weight of ca. 1400, roughly 2 — 3 times 
that of vitamin B^, and a spectral absorption very similar to vitamin B^. 
From hydrolysis experiments and electrophoretic behaviour, the conjugate 
has been shown to contain 7 glutamic acid residues,® a fact which relates it 
to the fermentation L. casei factor. It is, however, almost inactive micro- 
biologically, which differentiates it from the L. casei factor and vitamin B^. 
But on incubation with an enzyme, named vitamin B^ conjugase, the con- 
jugate yields vitamin Be which is microbiologically active. Following the 
recommendations of Angier et al., Pfiffner and his co-workers have renamed 
the conjugate pteroylhexaglutamylglutamic acid. 

The isolation of conjugates of vitamin Be and of the liver L. casei factor 
provides an explanation of the different effects upon micro-organisms of 
concentrates of the factors and of partly purified substances. Illustrative 
of this point is the difference in activity of the liver L. casei factor, the 
fermentation L. casei factor, and pteroylhexaglutamylglutamic acid towards 
L. casei. The enhanced microbiological activity of concentrates of the factor 
after enzymatic digestion obviously results from the conversion of conjugates 
into forms utilisable by micro-organisms. This conversion can be effected 
by the enzyme vitamin B„ conjugase,^® widely distributed in animal tissues. 
Some mention of what is known of this enzyme is worth while, since it 
may play a part in the utilisation of conjugates by animals and micro- 
organisms. ^ ^ The method of testing con j ugase activity consists in incubating 

® B. C. Keresztesy, E. L. Rickes, and J. L. Stokes, Science, 1943, 97, 465. 

’ J. J. Pfiffner, S. B. Binkley, E. S. Bloom, R. A. Brown, O. D. Bird, A. D. Emmett, 
A. G. Hogan and B. L. O’Dell, ibid., p. 404. 

« Ibid., 1945, 102, 228. 

® J. J. Pfiffner, D. G. Calkins, E. 8. Bloom, and B. L. O’Dell, J. Amer. Cliem. Soc., 
1946, 68, 1392. 

10 O. D. Bird, S. B. Binkley, E. S. Bloom, A. D. Emmett, and J. J. Pfiffner, J. BioL 
Chem., 1945, 167, 413. 
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extracts of tissues with concentrates or preparations of vitamin conjugate, 
and the estimation of the amount of S. lactis R, factor in the digest. Con- 
jugase activity is shown by kidney, liver, ])ancrea8, and intestine of animals 
and birds, by almonds, by potatoes, and, to a slight extent, by moulds.^®’ 
Conjugase activity is not shown by phosphatase, nucleosidase, or p-glucos- 
idase.^^-^'* Chicken pancreas has a high conjugase content, whilst hog’s 
kidneys are a good starting material for enzyme preparations.^® From 
kinetic studies and determinations of optimum pH values, the activity of 
tissues may be due to more than one conjugase,^®* which may be found 
to differ in their mode of action. But from comparative studies with crystal- 
line vitamin B^ conjugate it would seem that the substrates attacked by the 
conjugascs are structurally akin to the conjugates and do yield vitamin Be. 
More precise information upon these enzymes will be welcome, since their 
absence or inhibition in the gut may be a factor in human macrocytic anaemia 
in which defects in intestinal absorption are a feature. 

Several factors are effective in preventing anaemia in chicks. They 
are tlie L. casei factor (from liver and the synthetic pteroylglutamic acid), 
the fermentation L. casei factor (pteroyldiglutamylglutamic acid), vitamin 
B„ and tlie vitamin B^ conjugate (pteroylhexaglutamylglutamic acid). In 
biological and chemical properties vitamin B^ is very similar to L. casei 
factor. The fact that Pfiffner ct aL designate vitamin B^ conjugate as 
pteroylhexaglutamylglutamic acid, taken with their observation of the 
presence of glutamic acid in vitamin Be, suggests that tht\y believe vitamin Be 
to be pteroylglutamic acid. Tested microbiologically, vitamin B^, pteroyl- 
glutamie acid, and folic acid have the same activity towards L. casei 
and S. lactis i?., from which it has been concluded that they are one and the 
same substance. It would seem that the active component is pteroyl- 
glutamic acid into which the conjugated forms are converted, possibly by the 
action of the conjugascs within the intestine. 

C. F. Campbell, M. M. McCabe, R. A. Brown, and A. D. Emmett 
have described in detail the hsematological changes which occur in chicks as 
the results of vitamin B^ deficiency. After three weeks on the purified diet 
the chicks showed very poor feathering. At about the same time there was 
a definite anaemia characterised by macrocytosis and normoblasts, pro- 
normoblasts and myeloblasts in the blood, a leukopenia, and a thrombopenia. 
These severe changes in the blood cells were prevented by diets containing 
100 [xg. of crystalline vitamin BJlOO g. of diet. Not all workers agree that 
vitamin B^ alone can prevent anaemia in the chick. M. L. Scott, L. C. Norris, 
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G. F. Heuser, and W. F. Bruce consider that either a- or p-pyracin is also 
necessary. The adjuvant effect of pyracin has not been observed by others.^^ 
The discrepancy is not resolved by the suggestion, based on the in vitro 
conversion of crystalline L, casei factor into 8. lactis E. factor by liver, that 
})yracin is conjugated with L. casei factor or part of enzyme responsible for 
the conversion.^^ 

There are a number of problems of chick nutrition still to be solved. 
One at least appears to have been settled, and that is the nature of the factor 
concerned with the feathering of chicks. Elvehjem and his co-workers 
reported the presence of two factors in the norite eluate concentrations; 
vitamin responsible for good feathering and vitamin Bj^ essential for 
growth. Crystalline vitamin B^. has been shown to prevent poor fcathering.^^ 
OJeson and his co-workers have shown that pteroylglutamic acid added to 
synthetic diet ensures good featherihg and that other factors such as ascorbic 
acid and p-aminobenzoic acid are unnecessary.^^ It seems fair to conclude 
that vitamin B^q is very similar to pteroylglutamic acid. The relation of the 
antianaemic factors to feathering is not without interest when it is remem- 
bered that poor hair and nail growth is a feature of human macrocytic 
anaemia. 

It is impossible to discuss at length the extensive work upon the relation 
of the antianaemic factors to the good health of the rat. One or two phases 
may be selected to illustrate other properties of the pteridines. Our under- 
standing of agranulocytosis and of acute granulocytopenia associated with the 
administration of drugs is poor. In rats a profound disturbance of growth 
and of blood formation characterized by agranulocytosis and hypocellularity 
of blood marrow develops from the inclusion in the diet of sulphaguanidine 
and sulphasuxidine.^^' 26 These effects can be remedied by the feeding of 
liver extracts rich in ‘'folic acid” or by crystalline “folic acid ”. 2 ®- 27 , 28 
In a small number of rats upon purified diets agranulocytosis develops without 
the administration of sulphonamides.2® This also responds to L. casei 
factor. Daft and his co-workers 2 ® observed more severe blood disorders in 
rats fed a purified diet low in pantothenic acid. Pantothenic acid deficiency 
did not manifest itself uniformly in a particular group of rats. In some rats 
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granulocytopenia occurred together with aneemia ; in others, anaemia was the 
presenting s 3 niiptom; in a few, granulocytopenia, and in some, no blood 
dyscrasia. The most severe anaemia was seen in the granulocytopenic rats 
and was accompanied by hypoplasia of the bone marrow. In the anaemic 
animals, hypoplasia of the marrow was less frequent and less severe. None 
of these blood disorders develops in the control animals which receive panto- 
thenic acid. Despite its prophylactic effectiveness, pantothenic acid 
produced a slow cure of the anaemia and had a slight effect upon the granulo- 
cytopenia. On the view that j)antothenic acid deficiency had produced a 
deficiency of another factor, the fermentation L. casei (or liver L. casei) factor 
was administered together with pantothenic acid. This treatment proved 
far more effective in curing the blood dyscrasias than that of either factor 
alone. Results similar to, although not identical with, those of Daft and his 
co-workers were obtained by Carter and his co-workers.^^ In their rats a 
deficiency of pantothenic acid led to a hypochromic anicmia and a reduction in 
polymorphonuclear leucocytes. The bone marrow showed hyperplasia and 
evidence of failure of maturation of both erythroi3oietic and leucopoietic 
cells. Initiated at an early stage of the disease, pantothenic acid therapy 
produced a restoration of a normal blood picture. Furthermore, the control 
rats receiving pantothenic acid developed an anaemia after a prolonged period 
which might be attributed to the lack of anti-ansernic factor of the pteridine 
type. The explanation of these findings is not easy. It may be that a 
deficiency of pantothenic acid conditions a deficiency of “ folic acid.’^ It is 
to be noted that L. D. Wright and A. D. Welch have considered that both 
biotin and “ folic acid may perhaps be essential for the storage or utilization 
of pantothenic acid. 

For many years it has been recognised that inadequate diet produces a 
profound and often fatal disorder of the blood in the monkey The 
blood picture of the animals is one of anaemia and leucopenia. The deficient 
animals usually suffer from ulcerated gums and from diarrhoea and they 
become easily susceptible to spontaneous infection. Untreated, the con- 
dition progresses to a fatal end. Yeast and yeast products and liver are 
curative and often elicit a reticulocyte response. Since none of the well- 
known members of the vitamin B complex or other vitamins affects the 
condition, it has been attributed to lack of a factor known as vitamin M. 
Recently, preparations of “ folic acid ” have proved effective in treatment.^® 
Some success had been obtained with xanthopterin, which produced a sub- 
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normal reticulocyte response and a return of blood cells to normal.®® The 
effect of the pterin did not persist unless given together with liver powder. 
The most effective treatment has been with highly purified preparations 
of L. easel factor or with crystalline L. easel factor.^®’ Intramuscular 
injections of crystalline L. easel factor produces a reticulocyte response as 
high as 47% within 4 — 7 days and restoration of the number of red and white 
cells to normal and a definite clinical improvement. The remarkable success 
of L. easel factor in the treatment of nutritional anaemia of the monkey and 
similar conditions in other species indicates rather strongly that vitamin M 
falls in the class of the pteroylglutamic acids. This view is supported by the 
fact that, although the folic acid content (as measured by the growth of 
laetls R.) of substances with vitamin M activity is low, it parallels the 
vitamin M potency of substances after they have been incubated with rat’s 
liver.^® 

The therapeutic success of the L. easel factors in the treatment of anaemia 
and hmcopenia in animals justified their clinical trial in cases of macrocytic 
anaemia. There were also other reasons. In some respects vitamin de- 
ficiency in the monkey is analogous to sprue in man. Furthermore it has 
long been suspected that an unknown factor of that group of miscellaneous 
substances, the vitamin B com])lex, has a role in those macrocytic anaemias 
the origin of which is nutritional deficiency. Among these anaemias may Ix^ 
included those called refractory because of their unresponsiveness to the 
usual therapeutic measures such as purified liver extracts and iron. Typical ’ 
examples are refractory anaemias of pregnancy and malnutrition. Related 
to these on haematological grounds are the anaemias of sprue and Addisonian 
pernicious anaemia. The existence of anti-anaemic factor was indicated by 
the curative action of crude yeast and liver preparations upon macrocytic 
anaunia of })regnancy and tropical macrocytic anaemia ^ and by the 
beneficial effect of dried yeast upon pernicious anaemia.'*^ In the last five 
years the investigation of anaemia of pregnancy has been pursued most 
diligently. But despite its similarity to pernicious anaemia, from whicli it is 
most readily distinguished by free hydi’ochloric acid in tlie gastric juice, 
pregnancy anaemia responds only to the most vigorous therapeutic treat- 
ment,^® usually with liver in an unpurified form.^"^’^® It would seem that 
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pregnancy ansemia and other macrocytic anaemias associated with mal- 
nutrition are the consequence of the lack of a substance which is not the anti- 
pernicious anaemia factor.^® This factor may be related to pteroylglutamic 
acid or one of its several forms. For, in the last two years, a number of 
reports have appeared upon the beneficial effect of the synthetic L. caseA 
factor upon macrocytic anaemias of differing aetiology. The claims made in 
some of the first reports would have been more convincing had they been 
accompanied by a statement of the criteria of diagnosis and data upon the 
changes in the bone marrow. Moreover, no reports have been made of 
follow-ups of treated cases to allow a judgment of how lasting is the effect of 
L. casei factor. Nevertheless it would seem that, in pteroylglutamic acid in 
one form or another, we have a therapeutic agent of value. 

Evidence for the ha^mopoietic activity of synthetic L. casei factor is 
accumulating. In 1945 Spies and his co-workers^® reported a hacmatologic 
res2)onse in nine unspecified cases of macrocytic anaemia following the 
administration of synthetic L. casei factor. During treatment the patients 
were given a diet free from meat and meat products to reduce their intake of 
the extrinsic factor. Given intravenously or orally, the compound produced 
a reticulocytosis and a rise in haemoglobin and red cells. A second report 
by Spies and his co-workers describes the effect of the synthetic material 
u])on fourteen cases of macrocytic anaemia ; nutritional macrocytic anaemia 
(6), Addisonian pernicious anaemia (5), and indeterminate (3). In these and in 
others a full restoration of haemoglobin and red cells to normal values is 
not always observed. Moore and his co-workers also describe remissions in 
two cases of pernicious anaunia and one case of anaemia of pregnancy following 
the administration of synthetic L. casei. In all three cases there was a reti- 
culocyte response of 40 — 50%, and a rise in haemoglobin and red cells with 
doses of 20 — 100 mg. of synthetic L. casei factor given daily for 10 — 15 days. 
It is to be noted that a total dose of 1 g. of synthetic compound was in- 
sufiicient to produce a complete remission in one of the cases of pernicious 
anaemia. On the other hand a dose of 2 mg. of fohe acid given daily for 
20 days is stated to produce complete remission in a case of Addisonian 
pernicious anaemia.^ There can be little doubt that in the macrocytic 
anaemia the synthetic L. casei factor has a haemopoietic action and its use in 
the treatment of macrocytic anaemia of pregnancy and malnutrition may be 
valuable. In pernicious anaemia it has not produced complete remission in 
the amounts in which it occurs in therapeutic doses of liver extract,®* or a 
haemopoietic response in amounts of 0-7 mg. — a dose in which highly purified 
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liver extracts are active. Probably there are two or more factors, one 
associated with the defect in pernicious anaemia and the others with the 
defects in the nutritional macrocytic anaemias. The similar biological 
effects of the anti-pernicious factor and the L, casei factor may possibly be 
due to their having in common a group such as that of the pterins.^® 

In tropical and non-tropical sprue, synthetic L. casei factor has a bene- 
ficial effect.®'^' Most of the cases which have been treated fulfil the 

diagnostic criteria for sprue in that they showed a macrocytic anajmia, 
leucopenia, glossitis, diarrhoea with increased fat in stools, loss of weight, 
pigmentation of the skin, etc. The presence of free hydrochloric acid in the 
gastric juice differentiated them from pernicious anaemia. The typical 
response to ptcroylglutamic acid is as follows. The intramuscular adminis- 
tration of 15 mg. of synthetic Z. casei factor daily is followed within a few 
days by a reticulocyte response and rise in haemoglobin, red and white cells, 
and platelets. This haematologic response is accompanied by a definite 
improvement in the clinical condition. Glossitis disappears, diarrhoea 
subsides, and appetite improves. Studies of the bone marrow show 
that the primitive red cells present before treatment disappear and the white 
cell series return to normal. In most of the cases the response to treatment is 
rapid and even dramatic, and, in some, most effective in that the patients 
remain in excellent health.®^ Most probably the beneficial effect of liver 
extract upon sprue can be ascribed to the presence of a substance allied to or 
identical with pteroylglutamic acid. The close similarity of vitamin M 
deficiency in the monkey to sprue may permit this disease to be attacked 
more vigorously from the experimental side. 

Pterins and the Macrocytic Ancemia Factors, 

The close link now established between the L. casei factors and the 
hajmatopoietic system gives a new significance to the pterins, the pigments 
of the wings of insects, for it is now certain that the L. casei factors contain 
within their molecules the pteridine group. It may be said that without 
information of the biological effects of the pterins and of their chemical 
structure the elucidation of the nature of the L. casei factors would not have 
been so speedily achieved. Of these pigments, which, as early as 1889 
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and as late as 1941,®^ were investigated by Hopkins, two, xanthopterin and 
leucopterin, have been synthesised. From several lines of evidence they may 
be involved in the processes of hsematopoiesis. It. Tschesche and H. J. 
Wolf claim that the injection of 10 M'g* of xanthopterin cures the amemia 
of rats produced by feeding goat’s milk. The anaemia of trout fed on iie- 
ficient diets also responds to natural and synthetic xanthopterin.®® The 
same pigment restores but does not maintain a normal picture in vitamin 
M-deficient monkeys and is also beneficial to rats which, having ingested 
succinylsulphathiazole, have develojied leucopenia.®'^ These effects may be 
mediated by xanthopterin per se. On the other hand, the trout, the rat, and 
the monkey may be capable of synthesising the active haematopoietic factor 
from the pterin. 

Xanthoj^terin is presemt in mammalian tissues, where it may exercise an 
enzymatic role,®® ]ierhaps similar to the flavins. It is present in liver ®® 
and liver extracts and is excreted in the urine of man.^^ More interesting 
is the observation of Jacobson that the argentaffin cells of the mucosa of 
the digestive tract contain pterins. These specially differentiated cells lie 
in the cardiac.* and pyloric areas of the stomach and in the intestine, par- 
ticularly the duodenum. There is a similarity in the distribution of these 
cells and those from whic^h the anti-pernicious aruemia factor can be obtained. 
In autopsy specimens obtained from twelve cases of pernicious anaemia the 
argentaffin cells were absent or reduced in numbers. More recently 
W. Jacobson and I). M. Simpson have compared the fluorescence spectra 
of the cytoplasmic granules of argentaffin cells with those of xanthopterin 
and leucopterin. They found that extracts of cells had a spectrum almost 
identical with tliat of xanthopterin. On the other hand the fluorescence 
spectra of eighteen commercial and experimental liver extracts, all active 
against pernicious anaemia, indicated the presence of leucopterin or a mixture 
of leucopterin and some xanthopterin.’^ Furthermore the haemopoietic 
activity of the extracts, assessed by their action upon cases of pernicious 
anaemia or upon splenectomised rabbits and the intensity of their fluor- 
escence, run parallel. This would suggest that the haematopoietic activity 
and fluorescence arise from the same substance — the anti-pernicious anaemia 
factor. Jacobson and Simpson consider that this factor contains pterin 
bound to some other substance. Without further data it is premature to 
speculate upon reconciliation of these findings with those upon factors 
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to contain the pteridine group, especially as W. B. Emery and L. E. J. 
could find no specific ultra-violet absorption characteristics in a 
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ANALYTICAL CHEMISTRY. 

1. Introduction. 

Tjie various branches of analytical chemistry are seen to be inter-related 
when it is admitted that any property, physical or chemical, possessed by a 
substanc(' may be used to identify that substance, and to determine the pro- 
portion of that substances in a mixture. Tliese topics are referred to in over 
2500 abstracts published in Section C of British Ahstracta in 1946, and it is 
manifestly impossible to report adeepiately in a few pages on the important 
work which many of these and other publications represent. 

A coherent impression of the progress made in a branch of analytical 
chemistry may be j^resented either by considering means of identifying 
and determining numibers of groups of substances (such as the constituents 
of coal-tar distillates) or by describing analytical techniques and illustrating 
their a])plications by examples drawn from the various fields of chemistry 
in which they have been applied : such techniques are mass spectrometry 
and infra-red absorption spectrophotometry, which are referred to extensively 
for the first time under Analytical Chemistry. Trends are indicated in the 
application of spectrography, colorimetry, turbidity measurements, polar- 
ography, and A -ray diffraction to the determination of small quantities, with 
emphasis on tlu^ importance of characterisation of physical state in addition 
to determinations of composition. J. R. N. 

2. Constituents of Coal-tar Distillates. 

Until comparatively recent years, the analysis of tire various fractions 
and products distilled from coal-tar has been, like the analysis of petroleum 
products, largely in terms of broad classes of constituents, for example, the 
total response to bromination or sulphonation as a conventional measure 
of the content of olefins or aromatics. Modern technological methods, 
however, leading to the isolation on a practical scale of a greatly extended 
number of individual compounds of actual or potential commercial use,^’ ^ 
make it possible to thinlc of the coal-tar distillates much more in terms of pure 
constituents than was formerly the case. There is thus a corresponding call 
for analytical methods for the determination of particular compounds, e.g., 
the individual cresols in mixed isomers, if these are to be used for condens- 
ation to plastic resins, or indene in distillation cuts intended for the same pur- 
pose ; indole, in the highly purified state required for perfumery ; or toluene 
for nitration. In other cases analytical methods are required for the deter- 
mination of undesirable constituents in products of industrial use and im- 
portance, e.g., thiophen in benzene, aniline in dye intermediates, or o-hydroxy- 
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diphenyl in phenol (as a distinction of the synthetic from the natural material). 
In the present report an attempt has therefore been made to survey methods 
published over a space of about ten years, which appear applicable to the 
determination of individual compounds which occur in the coal-tar distillates. 

These compounds are, of course, frequently encountered in mixtures of 
considerable complexity, often with homologues or other compounds of closely 
similar j)ro})erties. It may therefore be understood as a general rule that such 
specific methods as are available will be applied only after the completest 
practicable preliminary separation by solvent extraction, fractional dis- 
tillation, etc. Improved analytical techniques in fractionation have been 
discussed fairly recently by J. W. J. Fay,^ and a further contribution by 
W. J. Gooderham ^ may also be noted. Much similar work has been done in 
the nearly -related field of petroleum hydrocarbons.^ Adsorption also, usually 
on silica gel, has been applied to the separation of hydrocarbons.®’ ® 
Filtration of light hydrocarbons through a column of silica gel retains the 
aromatic constituents but allows the passage of paraffins, olefins, and 
naphthenes, which are preferably washed through with a light paraffin such 
as pentane. The aromatics are desorbed by means of methyl alcohol, and, 
when this has been removed by washing with water, are recovered quantit- 
atively and can be further separated by fractionation. Active carbon, oxides 
of magnesium and aluminium, and “ Filtrol have been used as alternatives 
to silica. 

A chromatographic concentration of anthracene in anthracene oils is advo- 
cated by F. R. Cropper and N. Strafford,® adsorption being effected on active 
alumina, with a 1 : 4 mixture of chlorobenzene and light petroleum as solvent 
and developing medium. 

Among the hydrocarbons, even after preliminary separation by such 
methods as the foregoing, few compounds exhibit sufficiently characteristic 
reactivity to allow of specific analysis by chemical means. Considerable 
work has, however, been directed to the elaboration of the colorimetric re- 
actions of nitrated aromatic hydrocarbons wdth a ketone in alkaline condi- 
tions.^® B. H. Dolin reported that, when the nitrated hydrocarbons are 
treated with butanone, colours are given by benzene, toluene, and the 
xylenes, but only that due to benzene persists on acidification with acetic 
acid. H. D. Baernstein eliminates toluene from the nitrated mixture by 
oxidation to dinitrobenzoic acid, which does not react with butanone ; hence 

* Ann. Reports f 1943, 40, 224. * J. Soc. Chem. Ind.^ 1944, 68, 65t. 

* H. J. Hepp and D. E. Smith, Ind. Eng. Vhsm. {Anal.), 1945, 17, 579. 

• B. J. Mair and A. F. Forziati, J. Res. Nat. Bur. Stand,, 1944, 32, 151, 165. 

^ N. C. Turner, Oil and Qas J., 1943, 41, 48. 

® P. Harteck and K. A. Sulir, Chemie, 1943, 66, 120. Certain hydrocarbons, e.g., 
n-heptane and toluene, have also been separated on zeolites by the “ molecular sieve ” 
technique of R. M. Barrer {J, Soc. Chem. Ind., 1945, 64, 131). 

• Ibid., 1944, 63, 268t. 

J. Peltzer, Chem.^Ztg., 1933, 67, 162. 

Ind. Eng. Chem. (Anal.), 1943, 16, 242; cf. Chem. Abs., 1046, 40, 6023, 

Ind. Eng. Chem. (Anal.), 1943, 15, 261. 
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a combination of this procedure with that of Dolin makes it possible to estimate 
benzene, toluene, and xylenes in the presence of each other. M. S. Bykhov- 
skaya estimates benzene and toluene vapours when present together in air, 
by nitration in conditions leading to the formation of dinitrobenzene and tri- 
nitrotoluene. The latter is measured directly by its colour with alcoholic 
potash. For the benzene estimation, the trinitrotoluene is eliminated by 
hydrolysis to phenolic compounds ; these are separated, by partition between 
aqueous alkali and an organic solvent, from the dinitrobenzene, which is 
then estimated by the colour developed with potash and acetone. K. P, 
Marquardt and E. N. Luce apply the reaction to determine o-xylene in 
hydrocarbon liquors containing monoalkyl- and alkenyl- benzenes such as 
styrene. The olefinic compounds are eliminated by steam-distillation follow- 
ing mercuration, which renders them non-volatile. The distilled alkyl- 
benzenes are nitrated and treated with potash and acetone, whercuj)on the 
monoalkylbenzenes give a blue colour fading to red, and the xylenes a stable 
green. The fading of the monoalkylbenzene colour is expedited by addition 
of ethanolamine, after which the intensity of the green element is measured 
photo-electrically. 

The standard gravimetric nitration method, due to H. P. Reichel, for 
determination of m-xylene, has been extended by the same author so as to 
permit of the determination of p-xylene also. Under the specified conditions 
(mixed nitric and sulphuric acids in glacial acetic acid) m-xylenc is nitrated 
quantitatively to the trinitro-derivative, which is recovered by crystallisation 
from acetone, with an allowance for its small solubility in the cold solvent. 
p-Xylene is nitrated only in part to the trinitro-derivative, but the yield of 
this is a constant fraction (71-4%) of the theoretical. It may therefore be 
used as a measure of the p -xylene present, being recovered by evaporation 
from the acetone liquors, and recrystallised from alcohol, with allowance as 
before for its small solubility. The nitration products of o-xylene and ethyb 
benzene, being soluble in alcohol, do not interfere. By an analogous pro- 
cedure, Reichel determines mesitylene, as its acetone-insoluble trinitro- 
derivative, in the coal-tar spirit fraction of boiling range 160 — 

Chemical determinations of naphthalene are for practical purposes limited 
to those based on formation of the picrate, after elimination of other picrate- 
forming substances. The earlier methods of handling the picrate are well 
reviewed by A. P. Munch and R. T. Heukers and W. L. Miller. A new 
procedure has been proposed by A. Bolliger,^® who determines the picrates 
by extractive titration in chloroform with methylene- blue. 

For eyeZopentadiene and its dimer, a colorimetric method has been 
described by K. Uhrig, E. L 3 mch, and H. C. Becker, dependent on the 

Zavodakaya Lab.t 1945, 11, 537, through Ctiem. Aba^y 1946, 40, 2419. 

Ind, Eng, Chem. (AnaL)y 1944, 16, 751 

Chem.-Ztg.y 1941, 66, 446; 1943, 67, 121. Chem, Weekblady 1935, 32, 411. 

J. Aaaoc, Off, Agric. Chem,, 1934, 17, 308. 

1® Quart, J, Pharm., 1940, 13, 1 ; Analyst, 1939, 64, 416. 

Ind, Eng, Chem, {Ancd,), 1946, 18, 550. 
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formation of the highly coloured phenylfulvene by condensation of cyclo- 
pentadiene with benzaldehyde. Dici/c^opentadiene does not react, but is 
determined as additional monomer after controlled depolymerisation in the 
presence of decahydronaphthalene. It is stated that the materials normally 
associated with cyriopentadiene do not interfere ; and though the method is 
devised with reference primarily to petroleum oils, it would appear potentially 
applicable to coal-tar spirits after a sufficient jireliminary fractionation. 
R. Sefton estimates eyeZopentadiene in the lightest coal-tar distillates by 
measurement of its heat of condensation with maleic anhydride. The lack 
of specificity of the reaction is largely palliated by the much greater (almost 
instantaneous) speed of reaction with eyeZopentadiene, as compared with the 
other unsaturated hydrocarbons likely to be present. 

A second application of calorimetric technique is the estimation of small 
amounts of benzene in solution by measurement of its heat of nitration. 
This method, though obviously limited in its scope, is said to be rapid and 
convenient for repeated estimates in special cases. 

The gravimetric method for indone proposed by M. Weger and A. 
Billman,^^ based on precipitation of its benzylidenc compound on treatment 
with bcmzaldehyde, can be effectively applied to determination of indone in 
coal-tar fractions such as heavy naphtha, if these are first subjected to steam- 

distillation. 

The Hochst gravimetric procedure for anthracene in anthracene oils 
(oxidation to anthraquinone) has been adversely criticised by Cropper and 
Strafford,® who prefer the measurement of anthracene by ultra-violet absorp- 
tion, after a chromatographic separation in which the anthracene zone on the 
chromatogram is located by its fluorescence in ultra-violet light. The ultra- 
violet fluorescence spectrum has been applied also to the evaluation of 
1 : 2-benzpyrene in anthracene oils,^^ the anthracene being first eliminated 
by precipitating, from benzene solution, its complex with maleic anhydride. 

These procedures are representative of a general tendency to supplement 
the limited number of chemical methods available for hydrocarbon analysis 
by physical, and especially by absorptiometric, techniques. Ultra-violet 
absorption has been applied to the analysis of benzene, toluene, and xylene 
mixtures by A. Luszczak and P. Laurin,^® who estimated the proportions 
of these compounds by comparing the intensities of those bands which are 
common to their spectra and those which are not. Characteristic bands, the 
intensity of which could be used as a measure of concentration, were reported 
by C. Weizmann, V. Henri, and E. Bergmann ^7 for benzene, toluene, xylene, 
naphthalene, anthracene, and phenanthrene ; and R. Schnurmann and 

*7. Soc. Chem. Ind., 1945, 64 , 104; soo also A. V. Kirsanov, I. M. Polyakova, 
and Z. I. Kuznetsova, J. Appl. Chem, U.S.S.R., 1940, 13, 1406 (through Chem. Aba., 
1941, 35, 2445) for iodometric estimation of the excess of maleic acid. 

R. L. Bishop and E. L. Wallace, Ind. Eng. Chem. {Anal.)y 1943, 15, 563. 

22 Ber., 1903. 36 . 640. 23 p. Haworth, unpublished. 

2 * A. Kling and M. Heros, Compt. rend., 1941, 213, 348. 

2 * Wien. Med. Wochensohr., 1936, 86 , 91, 150. 

*« J. Fharm. Chim., 1938, 27 , 561. Nature, 1940, 146 , 230. 
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S. Whincup have recorded the spectra of ethyl- and propyl- benzenes, 
styrene, and chrysene as well as the commoner aromatics. A. Berton 
finds the bands narrower and more easily identified in the vapour state than 
in liquids, and has thus determined as little as 0*01 mg. of benzene per litre 
of air; similarly 0-1 mg. /litre of toluene or styrene, and 0-2 mg. /litre of 
xylene, anthracene, or phenanthrene. 

R. R. Gordon and H. Powell measure the optical density and molecular 
extinction coefficient of hydrocarbon mixtures (benzene and toluene, ethyl- 
benzene and xylenes), obtaining readings at as many wave-lengths as the 
mixture has components. The total optical density at any wave-length being 
the sum of those of the individual components, the group of readings can be 
formulated as simultaneous equations and solved for the concentration of 
each component. Ultra-violet spectrophotometry applied to another 
hydrocarbon (diphenyl) is further mentioned below.^® 

Similar methods based on infra-red absorption have been applied to mix- 
tures of benzene, toluene, and xylene with })araffins and naphthenes by 
B. Maniere,^^ and although applications to benzenoid hydrocarbons have been 
worked out in less detail than those of ultra-violet spectroscopy, the develop- 
ment of analogous methods for petroleum oils suggests that the infra-red 
may prove of similar use in the analysis of coal-tar spirits. 

Use has also been made of the Raman spectra of the benzene hydrocarbons 
for their estimation in admixture with one another. Although P. Traynard 
and D. H. Rank, R. W. Scott, and M. R. Fenske were able to extend this 
technique only to binary mixtures (benzene and toluene), it has more re- 
cently been apj)lied to mixtures of from two to eight aromatic components, 
the proportions of which were determined with an accuracy of about 2%. 

Spectroscopic methods have been similarly adopted to some extent for 
the analysis of the phenolic fractions from coal-tar. For instance, the 
quantitative and qualitative investigation, by infra-red absorption, of cresylic 
acids containing the three isomeric cresols has been described in papers by 
H. W. Thompson and D. H. Whiffen and H. W. Thompson ; in the latter 
paper, the theoretical bases of the procedure are discussed in some detail. 
It is claimed that the bands of the infra-red spectra arc in general sharper 
than those of the ultra-violet. By utilising the sharper bands obtained in the 
vapour as compared with the liquid state, however, A. Berton has employed 
ultra-violet absorption for the determination of phenol and the three cresols. 
Mention may also be made of the estimation of o-hydroxydiphenyl, when us(^d 
as a fungicide, by means of its ultra-violet absorption in cyclohoxaiiQ solution.^® 

Pet/i olenm y 1945, 8 , 3 22. Ann. Chini.y 1944, 19 , 394. 

J. Inst. Petroleum, 1945, 31 , 428. Ann. Chim. anal., 1941, 23 , 173. 

32 E.g., D. L. Fry, R. E. Niisbaum, and H. M. Randall, J. Appl. Physics, 1946, 17 , 
150. 

®3 Bull. Soc. chim., 1944, 11 , 652. Jnd, Eng. Chem. {Anal.), 1942, 14 , 816. 

36 D. H. Rank and R. V. Wiegand, J. Opt. Soc. Amcr., 1946, 36, 325. 

36 Ghsm. and Ind., 1944, 343. 37 Analyst, 1946, 70, 443. 

33 H. E. Cox, ibid., p. 373. eyeZoHexane for spectroscopy may be freed from 

aromatics by filtration through silica gel (S. A. Ashmore, unpublished). 
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Diphenyl, which is generally present with its hydroxy-derivative, has also a 
well-defined maximum absorption, and can be similarly determined. In the 
case of o-hydroxydiphenyl, the use of a spectrophotometer is not indispens- 
able, since the intensity of its fluorescence in ultra-violet light can be observed 
directly and compared with standards. 

The chromatography of the phenolic compounds has been studied by 
W. Bielenberg and L. Fischer,^® who concluded that direct adsorption of 
these constituents gave no promising results. After a preliminary coupling 
with diazotised p-nitroaniline, however, adsorption on alumina allowed of 
good separation; this procedure was utilised for qualitative identification 
of phenol, the three cresols, and jo-xylenol in the presence of each other, and 
has subsequently been extended to all the hydroxy -benzenes boiling below 
220 °. 

Although a number of methods for the chemical determination of phenols 
in particular circumstances have been published during the period under 
survey, yet most of these cannot be said to introduce any new chemical 
principle which might serve as a basis for a more general analytical reaction. 
Reference may be made to turbidity methods,^’ and to gravimetric 
methods with iodine — applied also to the naphthols and guaiacol and to 
o-cresol and o-hydroxydiphenyl.'^ L. Bettelheim separates phenol from 
phenoDcresol mixtures and higher homologues by shaking it out with a 33% 
solution of sodium benzenesulphonate, while J. N. Miller and O. M. Urbain 
effect its differential oxidation with chromic acid ; the total phenols being 
determined colorimetrically with diazotised sulphanilic acid both before and 
after this treatment, phenol may be estimated by difference. 

The Chapin method for phenol, adopted by the Standardization of Tar 
Products Tests Committee, has been extended by T. S. Harrison,^^ using the 
Spekker absorptiometer, to the simultaneous estimation of m-cresol; ' the o- 
and p-isomers give no coloration with Millon’s reagent, but m-cresol gives a 
yellow distinct from the red phenol colour, so that both can be determined 
in the same alkaline extract. In conjunction with the S.T.P.T.C. method 
for o-cresol (observation of the melting point of its complex with cineole ^®), 
C. E. Sage and H. R. Fleck propose to utilise gravimetrically the resin- 
forming reaction given by o- and m- cresols, but not by p-cresol, with form- 
aldehyde in acid solution; from the two analyses, the w-cresol content of 

»» Brennstoff-Chem,, 1940, 21, 236; 1941, 22, 278; 1942, 23, 283. 

W. Seaman, A. R. Norton, and R. T. Foley, Ind. Eng. Chem. {Anal.), 1943, 15, 

159. 

R. Paris and J. Vial, Compt. rend., 1946, 222, 324. 

** J. Kay and P. J. C. Haywood, Ind. Eng. Chem. {Anal.), 1944, 16, 772. 

M. Francois and M. Segnin, Bull. Soc, chim., 1933, 53 — 54, 711. 

** W. O. Emery and H. C. Fuller, Ind. Eng. Chem. {Anal.), 1936, 7, 248. 

Svenak Kem. Tidskr., 1942, 54, 194, 219, through Chem. Ahs., 1944, 38, 3220, 

3928. 
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mixed isomers can be estimated by difference. The resin-forming reaction 
with formaldehyde has also been advocated by A. Castiglioni ^ for the esti- 
mation of the naphthols ; the method is applicable to either a- or p-naphthol, 
but is not suitable for mixtures of the two. An alternative to the gravimetric 
treatment is colorimetric estimation of the a-naphthol by means of tlie blue 
colour given by the a-naphthol resin with sodium hydroxide. 

The well-known Koppeschaar determination of phenols, by bromination 
and final titration of the iodine liberated from potassium iodide by the excess 
bromine, has been further studied by W. Bielenberg and E. Kuhn.^^ The 
course of the bromination was followed by a potentiometric method, and 
modifications of the standard technique, especially as regards* the use of 
potassium iodide, are proposed. 

For qualitative identification of many of the amino- compounds of the 
coal-tar distillates, the formation of characteristic diliturates (t5-nitrobar- 
biturates) may prove useful. The optical and crystallographic properties 
of crystals of these derivatives are distinctive even when prepared from 
mixtures of isomers. 

Specific quantitative methods available in the amino- compound group 
are not very numerous. The estimation of residual free aniline in aniline 
derivatives is, however, often of importance, and an interesting technique 
for aniline in aminoazobenzcrie has been described by F. R. Cropper. 
After diazotisation of the material and coupling with H-acid, the red dye 
produced from the aniline present is separated as a chromatogram on filter- 
paper, and the intensity of the band may be used as a quantitative measure 
of the aniline content. Aniline in mcthylanilines can be estimated by the 
picryl chloride method in ethyl acetate solution.^ The sodium chloride 
resulting from neutralisation of the hydrochloric acid liberated is extracted 
with water and titrated potentiometrically against silver nitrate. An 
alternative manipulation in the picryl chloride method is described by 
G. Spencer and J. E. Brimley.^^ 

A specific method for p-toluidine is based by C. H. Benbrook and R. H. 
Kienle on the evolution of nitrogen on heating the diazotised material. 
The p-toluenediazonium derivative is relatively so stable, that o- and m- 
toluidines, aniline, etc., may be eliminated by three hours’ heating of the 
diazotised mixture, and any nitrogen subsequently evolved used as a measure 
of the ^-toluidine content. 

For the polynuclear amino- compounds, no methods new in principle have 
been introduced for a considerable time. The methods available for di- 
phenylamine, with special reference to its estimation when used as a stabiliser 
in explosives, have been reviewed and compared by F. Ellington. A colori- 

60 7j. anal. Chem., 1938, 113, 428. 6i Ibid, 1943, 126, 88. 

62 B. T. Dewey and E. M, Plein, Ind. Eng. Chern. (Anal.), 1946, 18, 515. 

66 Analyst, 1946, 71, 265. 
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6« Ind. Eng. Chem. (Anal.), 1942, 14 , 427. 
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metric method based on oxidation with potassium dichromate has been 
proposed by H. Barnes.®® 

Among the heterocyclic constituents of the coal-tar distillates, preponder- 
ant importance attaches to pyridine, and critical surveys of the methods 
available for its determination have been published by A. Hamer, R. Pomfret, 
and W. V. S tubbings,®^ R. P. Daroga and A. G. Pollard,®® and C. Belcot.®^ 
The method finally adopted by Daroga and Pollard, suitable for small 
quantities, is a colorimetric measurement of the blue produced by tlie action 
of reducing agents on the pyridine complex precipitated by silicomolybdic 
acid, while Hamer, Pomfret, and Stubbings prefer to utilise the clearing- 
temperature of solutions of pyridine perchlorate. 

Although a number of colorimetric estimations of indole have been 
described, these mostly have refercmce to its production in bacterial cultures ; 
they are thus appropriate only to small amounts, and are frequently not very 
s})ccific. Mention may, however, be made of the qualitative colour reaction 
witli xaiithhydrol, whieli is not given by skatole or apparently by any other 
ind()l(i-ring compound which is substituted in the ,3-position ; and of the 
most recent reviews of the determination with Ehrlich’s (p-dimethylamino- 
bcnzaldehyde) reagent.®®* 

For detection of acridine, J. C. Baro Graf®® has recommended the pre- 
[)aration of highly characteristic crystals of the si li cotungstate, easily dis- 
tinguishable under tlie microscope from those given by pyridine or quinoline 
bases, and obtainable at a dilution of one ])art of acridine in 70,000. The 

1) rocedure has, however, been criticised by G. Kohn and I. M. Kolthoff.®® 
The technique of extractive titration of 2 >icrates and picrolonates against 
methylene- blue, already referred to,^® has been applied also to the determin- 
ation of the acridine bases. 

Colorimetric methods for thiophen, intended for its estimation in “ pure 
benzole ” and therefore adapted to very small quantities of thiophen, have 
been worked out by K. H. V. French.®'^ The colour reactions utilised are 
those with isatin in the j)resenco of ferric sulphate and sulphuric acid, and 
with alloxan in the presence of sulphuric acid. The latter is somewhat the 
less sensitive, but the colour is more stable and gives on the whole better 

2 ) recision in working. F. S. Fawcett and H. E. Rasmussen ®® have deter- 
mined the constants of a highly purified sample of thiophen, which may be of 
use in the j^reparation of standards for the colorimetric procedure. 

E. G. K. 
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3. Mass Spectra. 

At very low pressures a suitable ribbon-shaped stream of positively charged 
gaseous ions can be deflected in a carefully chosen electric or magnetic field, 
or both, so that ions of each value of mass/charge are brought to a separate 
focus. If these operations arc conducted in a mass spectrograph, the series 
of foci is arranged to fall on a photographic plate and produces a series of 
lines, each -of which corresponds with a different mass provided e^ach ion 
carries only one electronic charge. An ion carrying a multiple electronic 
charge suffers a larger deflection, and may be focused on tlie same spot as an 
ion of lower mass carrying a single electronic charge. In a mass spectro- 
meter arrangements are made to focus in turn ions of each value of mass/ 
charge on a slit, behind which is a device for collecting and recording electric 
charge or ion current. 

Early work in the field showed that ]>ositively charged gaseous ions travel- 
ling at right angles to an electric field are deflc‘cted along the direction of the 
field, but in the case of a magnetic field deflection is at right angles to the field 
and to the line of motion. 

When a pencil of positive ions all of equal mass and electronic charge and 
travelling with different velocities is subjected to parallel electric and 
magnetic fields at right angles to the lino of motion, the ions fall on a parabolic 
curve on a plane perpendicular to the original line of motion. This is the 
principle of the parabola method described by (Sir) J. J. Thomson for the 
study of positive ions. He pointed out ^ that under these conditions ions of 
each different mass yield a different parabola, and therefore it would bt^ 
possible to identify ions in terms of their masses, and indicated the value of 
the method in chemical analysis, including the fact that only a very small 
amount of material is required. It is important to remember that electrically 
neutral atoms and molecules are not deflected in this way, and the preliminary 
but essential process of ionisation which the volatile matter must undergo 
usually causes some decomposition thereby altering the composition, and it 
is only within very recent years that it has been found possible to relate the 
composition of the mixture of ions to the composition of the original electrically 
neutral gas or vapour mixture, thus establishing a means of determining the 
composition of the latter by positive-ray analysis or mass spectra. Earlier 
work ^ was devoted almost entirely to the discovery and identification of 
isotopes and the determination of their masses and relative abundance. 
In the course of this “ analysis of the elements ” various types of instrument 
were developed, based on several different methods devised for focusing the 
positive ions. In Aston’s type of instrument the beam of ions is hetero- 
geneous with respect to velocity, and resolution and focusing are achieved 
by deflecting the ions electrically and then magnetically in the opposite 
direction. But the beam of positive ions can be made homogeneous in 

^ “ Rays of Positive Electricity and their Applications to Chemical Analyses ”, 1921, 
p. 179. 

* F. W. Aston, “ Mass Spectra and Isotopes ”, 1942. 
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respect of one of the possible variables before passing through the focusing 
fields, thereby permitting the complexity of the latter to be diminished. 
In K. T. Bainbridge’s system,^ the ions are passed through a “ velocity 
selector ” and all ions emerging have the same velocity and are deflected along 
semicircular paths and focused in a uniform magnetic field. W. R. Smythe 
and J. Mattauch ^ removed all ions save those having certain velocities by 
applying suitably spaced alternating electric fields at right angles to the 
beam of positive ions. The ions were then analysed by a radial electric field 
alone. Other developments including automatic recording are described by 
W. Bleakney and others.*^ 

A mass spectrograph is used in the accurate determination of atomic 
inasses since it is possible very accurately to determine the relative positions 
of lines made by positive rays on a ])hotographic plate, and relative abundances 
of the different atoms may be determined by photometry of these lines. A 
mass spectrometer is used in the accurate determination of relative abund- 
ances of ions, and instruments of the form due to A. O. Nier ® based on that 
of A. J. Dempster ® are used in this type of analytical work. The rays are 
formed by the controlled ionisation of a stream of the vapour of the clement 
or compound or mixture under test, and the ions, of mass m and charge e, are 
drawn out of the vapour stream by a small voltage and then accelerated 
through two slits by a suitable applied potential focused magnetically 
round the semicircular analyser, and collected on a plate behind the slit, and 
the resulting ion current is measured by a valve- amplifying device. 

The equation of the circular path of radius r traversed by the ions focused 
on the slit by the magnetic field H which is at right angles to the jdanc of the 
semicircle is 

mle = Hh^l2E 

Ions of different mass may be focused successively on the slit by varying 
the accelerating potential E. 

The parts of the analyser are enclosed in a Pyrex container which permits 
effective baking and out-gasing, a most important advance which permits the 
elimination of contamination by traces which by their presence would vitiate 
the analyses of substances introduced into the apparatus. 

J. E. Taylor ® described a Nier type mass spectrometer suitable for routine 
isotope abundance measurements. He out-gased at 350° for 48 hours before 
a determination, but there remained a small background of masses 18 (HgO) 
and 28 (COg). The abundance ratio was determined with a probable 

error of 2% from abundance measurements at mass 46 45 

and and 44 

H. G. Thode, P. L. Graham, and J. A. Ziegler® describe a mass spectro- 
meter for rapid determination of isotope abundance ratios with high accuracy. 

« Physical Rev., 1932, 39, 847. « jud., 1932, 40, 429. 

6 Ibid., 1937, 62, 933. « Ibid., 1918, 11, 316. 

’ Ibid., 1932, 40, 496; 1934, 46, 701 ; 1938, 58, 631. 

® Rev, Sci, Instr^f 1944, 15, 1. • Canadian J. i?65., 1946, 28, B, 40. 
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In a rapid recording instrument,^® the mass spectrum is scanned across the 
exit slit by varying the magnetic field, a procedure favoured by N. D. 
Coggeshall.^^ Instruments are also the subject of patents.^^ 

Application . — There are two fields of analytical chemistry in which mass 
spectrometry is an important, if not essential, technique. One is in the 
determination of isotope abundance ratios, and the other is in tlie analysis of 
mixtures of gases or vapours, particularly hydrocarbons. The advantage of 
speed which the technit^ue confers in petroleum refinery analysis and plant 
control is frequently referred to. 

Isotope abundance ratios. A substance suitable for the direct determin- 
ation of the isotope abundance ratio of a constituent atom, by introduction into 
a mass sj^ectrometer, must be sufficiently volatile, should be well chosen as to 
the masses of the ions which it will yield and must be puie and free from 
substances which afford ions of masses which interfere. 

In measuring the rate of isotope exchange reactions between gases, 
in testing theories of thermal diffusion of gases, and in following changes in 
abundance ratios consequent upon the operation of processes designed to 
separate isotopes, the mass spectrometer has played an essential part. Signi- 
ficant features of technique already mentioned are illustrated by the work of 
A. 0. Nier,^^* who showed that a concentration gradient of and 

is set up in methane enclosed in a vessel in which a temperature gradient 
exists. Samples of the methane were burned to carbon dioxide in excess of 
pure oxygen, and the carbon dioxide was purified by condensation in a liquid- 
air trap, any excess of oxygen or un burned methane being pumped off. 
Water vapour was later condensed out at about — 78°. The carbon dioxide 
was ionised by controlled electron impact and the ion currents due to 
(mass 45) and (mass 44) were recorded. The relative heights of the 

peaks for masses 45 and 44 were corrected for the 7 % contribution to the 45 
peak due to Tests showed that the burning of the methane and 

the subsequent manipulation had a slight but insignificant effect on the 
13Q/12C ratio. It was necessary to burn the methane and operate with the 
resulting carbon dioxide rather than to analyse the methane itself owing 
to the identity of the masses of the ions and ^^OH; the latter is 

derived from the traces of water which could not be eliminated from the 
apparatus. 

H. €r. Thode,^^ in a review of the applications of stable isotopes, j)oints 
out the advantages of using the mass spectrometer in place of density measure- 
ments on water when determining the abundance ratio of oxygen isotopes 
in tracer experiments. In order to avoid experimental difficulties which arise 
when is introduced into a mass spectrometer in the form of water or 

J. A. Hippie, D. J. Grove, and W. H. Hickam, Bev. Sci. Insir.f 1946, 16, 69. 

J. Chem. Physics., 1944, 12, 19. 

1* H. Hoover, jun., U.S.P. 2,341,561, 16.2.44. 

1^* J. D, Brandner and H. C. Urey, J. Chem. Physics, 1946, 18, 361. 

Physical R&a., 19?9^ 56 , 1009. 

1 * Ounad. Vhmk., 1943 , 87 , 647 . 
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oxygen gas, M. Cohn and H. C. Urey converted into by means 

of the exchange reaction 

CI6O2 f ^ Ci 60 i «0 + 

and determined the ratio in the carbon dioxide obtained. 

Sucli equilibria as 

^SOg^oas) + solution) ^^S 02 (gafl) + H^^SOg' (in solution) 

have been investigated extensively, and equilibrium constants can be cab 
dilated from the small differences in isotope abundance ratios found by mass 
spectrometer measurements on the relevant molecules in equilibrium in the 
vapour and liquid y)hases.^ 

The determination of nickel isotopes after diffusion of the stable isotopes 
of nickel into copper involved an elaborate series of processes preliminary to 
converting the nickel into nickel carbonyl which was analysed in a mass 
s])ectrometer.^® 

The versatility and fundamental importance of the technique is further 
illustrated by the accurate (h^termination of differences in the abundance of 
lead isotopes 204, 206, 207, and 208, in common lead derived from minerals 
of various geological ages and in radiogenic leads. The metal was converted 
into lead iodide, and the vapour at about 400° and 10'^ — 10 ^ mm. Hg was 
ionised and analysed in a mass spectrometer.^^ From a consideration of 
these results it is concluded that the most probable age of the earth is 3,350 
million years. 

N on-radioactive tracer elements. In principle, any element or atom in a 
molecule, with an isotope abundance ratio different from normal, can be 
followed tlirough a sequence of processes or reactions by means of appropriate 
isotope abundance measurements. The analytical problems are very similar 
to those already indicated. Briefly, it may be necessary to synthesise the 
substance under investigation so that certain atoms have abnormal isotope 
abundance ratios and these are determined by converting a few mg. of the 
substance into molecules suitable for examination in a mass spectrometer. 
After completion of the processes under investigation, the products are iso- 
lated, purified, and converted into substances for isotope abundance ratio 
determination. For example, methionine was synthesised to have isotope 
abundances above normal as indicated : CH 3 *^S*^®CH 2 '^^CH 2 'CH(NH 2 )*C 02 H, 
and when this was fed to rats, the cystine recovered from their hair had an 
abundance of above normal, but the ratio was normal.^® The 

16 J. Amer. Chem, Soc., 1938, 60, 679. 

1 ® W. A. Johnson, Amer. Inst. Min., Met. Eng., 1946, Tech. Publ. 2007, 13 pp.,* 
Metals Tech., 18, No. 4. 

A. O. Nier, J. Amer. Chem. Soc., 1938, 60, 1671 ; A. O. Nier, R. W. Thompson, and 
B. F. Murphy, Physical Rev., 1941, 60, 112. 

18 A. Holmes, Nature, 1947, 169, 127. 

18 G. W. Kilmer and V. du Vigneaud, J. Biol. Chem., 1944, 164, 247. 

88 y. du Vigneaud« G. W. Kilmer, J. B. Baohele, and Ccihn, ibid,, 166, 645. 
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carbon was examined isotopically as carbon dioxide, but it was more con- 
venient to convert the sulphur into hydrogen sulphide than into sulphur 
dioxide for examination. 

Many valuable tracer experiments have been described during recent 
years which illustrate the application of the above-mentioned principles. 
The interpretation of the isotope ratios found may be complex matters, 
and the possible incidence of isotope exchange reactions during the course of 
an investigation has to be considered.^® 

The ‘‘ isoto^^e dilution method ” of analysis depends for its success on the 
]^rovisos tJiat a compound which has an abnormal isotope content of one or 
more elements is inseparable from the compound of normal isotopic com- 
position by the ordinary laboratory procedures for isolating and purifying 
the compound,^® and that the relevant atoms are found not to undergo 
(ixchange reactions during the various processes.'^ ^ The method is particularly 
valuable in instances where it is difficult, if not impossible, to separate for 
determination in a pure form all of a constituent from a mixture ; one may 
cite the difficulty of determining j)almitic acid, for example, in a mixture, 
of higher fatty acids, and the amino-acids in protein hydrolysates. The 
])rinciple of the method is as follows. 

To a weight of a mixturi^ containing an unknown weight y of a substance 
Y is added a weight x of substance Y containing a concentration Cq above 
normal of, say, the heavy isotope of nitrogen, ^®N, and after the mixture lias 
been made homogeneous, a })roportion of Y (it does not matter how small) is 
isolated and purified, and the concentration, of above normal is 
determined ; then y = (Oq/O — l)/x. 

The relative abundance of in organic compounds has been deter- 
mined by digesting a weight of sample, containing 0*5 — 2 mg. of nitrogen, 
in a micro-Kjeldahl, and, from the ammonia juoduced, the nitrogen is 
liberated by hypobromite and purified by passage through a trap immersed 
in liquid nitrogen. The ratio is determined with a precision of 

0'003%in in about 0-5 c.c. of the purified nitrogen which is introduced into 
a mass spectrometer, in which the ion currents due to (mass 28) and 
15]^ 14^ (mass 29) are compared. 

The application of the method to the determination of a particular com- 
pound involves the synthesis of that compound from substances in which the 
proportion of the rarer isotope of one of the elements has been increased, 
e.g,y in ammonium salts, in sodium cyanide, and^^Sin sodium sulphate. 

21 A. O. Nier, Physical Rev., 1938, 63, 282. 

*2 D. Rittonberg, J. Appl. Physics, 1942, 13, 661. 

22 Many authors, «/. Biol. Chem., 1939, 130, to 1946, 166. 

2* E.g., D. Shemin and D. Rittenberg, ibid., 1946, 166, 621. 

2® H. G. Wood, C. H. Workman, A. Hemingway, and A. O. Nior, ibid., 1941, 189, 
377. 

2® D. Rittenberg and G. L. Foster, ibid., 1940, 133, 737. 

2’ A. S. Keston, D. Rittenberg, and R. Schoenheimer ibid., 1939, 127, 315. 

2® D. Rittenberg, A. S. Keston, P, Rosebury, and R. Schoenheimer, ihid., 1939, 127, 
291. 
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Synthetic methods may have to be devised to avoid any loss of the valuable 
rare isotope concentrate.^® 

Com])lications which are introduced by the use of synthetic isotope-rich 
racemic comi:)ounds with optically active substances in the ordinary way are 
eliminated by either racemising the optically active substances or by resolving 
the isotope-rich racemic compounds and using the appropriate isomers or 
by adding the racemic mixture and isolating the natural isomer. A modified 
procedure is used in attempting to detect (^-glutamic acid in the presence of 
Z-glutamic acid.^^ The accuracy of the method depends upon (1 ) the purity of 
tlie isotope-rich compound added, (2) the purity of the compound isolated (a 
point which can be checked by isotope ratio determination at successive 
stages of the determination), and (3) the accuracy of the isotope determin- 
ation. The error due to the last may amount to about 1*5%. 

The determination of the amino-acid composition of proteins is under- 
going substantial advances as regards both decrease in quantity of protein 
required and increased accuracy, and the isotope dilution method is pla3dng 
a significant part. By the latter method, G. L. Foster has determined the 
glutamic acid, aspartic acid, lysine, leucine, and glycine in only 7 g. of 
a-lactoglobulin, tlie compounds isolated for purification being benzoylglycine, 
dibenzoyl-lysine, and the benzenesulphonyl derivative of leucine. 

Analysis of Mixtures . — In principle it is possible to identify every element 
in a mixture by means of determinations of the masses of the isotopes present, 
but on the experimental side there are difficulties presented by the necessity 
of volatilizing the elements and, in some instances, of distinguishing between 
isotopes and molecular ions of equal mass. Moreover, a particular method of 
analysis, however excellent, will only be used or gain acceptance if it has 
advantages over existing methods. 

The mass spectrometer has been applied to the analysis of traces of gases in 
mixtures of oxygen, nitrogen, and hydrogen, and of helium in nitrogen. It 
is also employed where less than 1 c.c. of gas is available, and where continu- 
ous indication of composition is desired.®^ The sensitivity of mass spectrum 
technique, used in conjunction with methods of concentrating material, in 
testing for the presence of traces may be illustrated by the demonstration that 
stable does not exist to anything like the extent of I in 10^® in ordinary 
hydrogen.^^ 

The composition of a mixture may be deduced from the relative propor- 
tions of the different elements found by means of a mass spectrometer ; e,g., 
hydrogen, helium, oxygen, nitrogen, neon, and argon have been determined 
in natural gas.^® Interference by other ions was allowed for by selecting 
suitable mass peaks for observation. 

2® R. Schoenheimer and S. Ratner, J, Biol. Chem., 1939, 127, 301. 

S. Graif, D. Rittenberg, and G. L. Foster, ibid.^ 1940, 137, 745. 

Ann. Reports, 1945, 42, 247. ** »/. Biol. Chem., 1945, 169, 431. 

*® J. A. Hippie, J. AppL Physics, 1942, 13^ 651. 

•* Lord Rutherford, Nature, 1937, 140, 303; F. W. Aston, Proc. Boy. 8oc., 1937, A, 
168, 391. 
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Compounds, Apart from a few isolated instances, positive-ray or mass 
spectrum technique has not been applied to the analysis of mixtures of com- 
pounds until recently. It was thought that the method had shown the 
presence of methane, ethane, propane, and butane in the product obtained 
by irradiating with ultra-violet light a mixture of ethylene and hydrogen 
containing mercury vapour,^® but subsequent experiments®® with a mass 
spectrometer showed that under electron impact butane yields positive ions 
containing C^, C3, Cg, and C, and the propane previously reported might have 
been derived from butane disrupted by electron impact. It was found that 
the number and proportion of ionized fragments obtained by electron bom- 
bardment of various vapours depended on the nature of the molecule. Thus, 
approximately 60 — 80% of the positive ions derived from benzene contained 
Cg, 10 — 20% contained C4, and small proportions only contained 05,03, O2 and 
0.®^ Somewhat similar results were obtained by E. Eriedltoder and H. 
Kallmann.®® These data were consistent with the proportions of individual 
ions CeH«, CeH„ C«H„ etc., found later®® by means of mass spectrometers 
improved by developments in high-vacuum technique and the incorporation 
of arrangements for preventing contamination of the ion beam with products 
from the decomposition of the vapour at the source of electrons. Under 
similar conditions, octane was more extensively disrupted than benzene.^ 
Relative abundances of the positive ions produced by controlled electron 
bombardment of ammonia (N, NH, NHg, NH3, NH4, and N2), hydrazine 
(NgH, N2H2, N2H3, N2H4, and N ions),^^ methane ,^2 ethane,^® ethylene,^ and 
methyl and ethyl alcohols have been determined under a variety of condi- 
tions. The proportion of C2H5 ions produced in the ionisation of 71- butane 
is greater than in that of isfobutane and this is evidently related to differ- 
ences in the dissociation probabihties of the different linkings under electron 
impact.^’ 

As a sequel to and consistent with these results, it is found that with 
modern technique each hydrocarbon, methane, ethane, etc., gives its own 
particular abundance ratio of the various ions into which it is broken down 
by controlled ionisation. These characteristic abundance ratios are obtained 

A. R. Olson and C. H. Meger, J, Atner, Chem. Soc.^ 1927, 49, 3131. 

H. Ri Stewart and A. R. Olson, ibid.^ 1931, 53, 1236. 

87 E. G. Linder, Physical Rev., 1932, 41, 149. 

8® Z. physikal. Chem., 1932, B, 17, 265. 

8» P. ICusch, J. T. Tate, and A. Hustrulid, Physical Rev,, 1937, 61*, 1007 ; 1938, 64, 
1037. 

E. G. Linder, J. Chem. Physics, 1933, 1,, 129. 

D. D. Taylor, Physical Rev., 1935, 47, 666. 

J. A. Hippie, jun., and W. Bleakney, ibid., p. 802. 
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irrespective of whether the substance is pure or in a mixture. Further, if 
each of two or more constituents of a mixture yields a common ion, the 
proportion of this ion measured is the sum of the proportions derived from 
each of the constituents. Isomers, such as n- and t^a-butane, yield different 
abundance ratios, and as a consequence isomers can be determined in 
mixtures 

H. W. Washburn, H. F. Wiley, and S. M. Rock used a Nier t3q)e instru- 
ment ; ions of each mass were caused to fall successively on the collector and 
the resulting successive ion currents were so amplified that the magnitude of 
each ion current, or peak, was recorded at four different amplifications to 1% 
on an oscillograph. The quantitative analysis of such mixtures as propylene, 
propane, n- and i\so-butane, isobutylene, butylene- 1, butylene-2, n- and iso- 
pentane, and pentenes was carried out relatively rapidly. Less than 0-1 c.c. 
of liquid sample was required and a complete analysis, including the com- 
putations involved, usually took less than 4 hours compared with several 
days required by other methods. Routine analysis of such mixtures required 
substantially less than 4 hours. The error in determining components present 
in large proportion was usually less than 1 mol. %, and in the case of con- 
stituents present in very small proportions was usually less than 10% of tiie 
mol. % actually present. As many as 20 samples, containing as many as 15 
components, could be analysed in an 8-hour day. As an illustration of tlie 
method of computation employed, in a mixture of n- and tso-butane, proj^ane, 
ethane, and methane, only the first two contributed to peaks at masses 57 
and 58, and by means of coefficients derived from calibration experiments with 
the pure hydrocarbons, the proportions were calculated, and their contribu- 
tions to the peak at mass 44 deducted from the observed value, the balance 
being due to propane. The ethane and methane contents were similarly 
deduced from values at masses 30 and 16 respectively. The contribution of 
each hydrocarbon to other mass peaks was calculated, and the analysis was 
regarded as satisfactory if the residuals were less than 1% of the peaks. 
Larger discrepancies were attributed to the presence of other substances and 
led, for example, to the detection and determination of acetone and napthenes 
in two hydrocarbon mixtures. The technique has been used for the analysis 
of mixtures of aromatic hydrocarbons and for the determination of small 
amounts (0*036 — 8%) of diethylbenzene in ethylbenzene. Six isomeric 
octanes showed sufficient differences to permit the composition of mixtures 
to be determined with an error of less than dbl*7 mol. %, but extension of 
the method to organic compounds containing oxygen has not met with 
uniform success. 

The method of analysis has been examined by A. K. Brewer and V. H. 
Dibeler,^ who have identified and determined 10 impurities in 1 : 3-buta- 
diene of 98% purity and analysed many mixtures of gases and vapours, 

D. P. Stevenson and J. A. Hippie, jun., J. Amer, Chem, Soc., 1942, 64, 1688. 

48. Jnd. Eng, Chem. Anah, 1943, 16, 641. 

8* H. W. Washburn, H. F. Wiley, S. M. Rock, and C. E. Berry, 1946, 17, 74. 
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including natural gas and oil-flame fumes with as many as 14 components. 
Duplicate analyses agreed to 0*1 — 0*001%. The vapour at about 10-® mm. 
Hg pressure is bombarded with electrons having not less than 50 volts of 
energy, and the ratios of the fragments into which the molecules are broken 
are the same over a wide range of pressure for each molecular species but are 
never the same for different species. Errors in the analysis may originate in 
the instrument, in the sample, or in the computation. In precision work, the 
mass spectra of the main ingredients of the mixtures should be checked daily. 
The proportion of ions with more than one electronic charge is small and can 
be allowed for. The heights of certain peaks are corrected by deducting 
contributions arising from the inclusion of ions containing or D. Thus, 
the peak of mass 44 will include proj)yl ions containing either of these heavy 
isotopes, and corrections are calculated from adjacent lighter peaks by means 
of coefficients. A table of these correction factors is given. Accuracy in the 
preparation from pure components of small quantities of mixtures of known 
composition has been increased. R. C. Taylor and W. S. Young describe 
the use of valves of sintered glass and mercury in mixing definite quantities of 
volatile liquids and in introducing the mixtures into mass spectrometers. 
The analysis, by mass spectrometer, of a standard mixture of six isomeric 
octanes prepared by this means was consistent with the proportions mixed. 
R. H. Busey, G. L. Barthauer, and A. V. Metier blend low-boiling hydro- 
carbons by means of small bombs of the j^ure hydrocarbons connected to a 
system of measuring vessels, a manometer, and a stock bomb into which the 
pure hydrocarbons are successively condensed. Composition is calculated 
from individual pressure measurements or changes in the weight of the 
bombs. J. G. A. G, 


4. Infra-red Absorption Spectra. 

Until recent years, the anal3dical applications of infra-red absorption 
spectroscopy have been limited mainly to the photographic and overtone 
vibration regions extending from 0*75 g to 2*5 g approximately.^ Beyond 
the photographic region (0*75 — 1*3 p) the mapping of spectra was tedious 
owing to the limitations of instruments, and relatively slow progress was 
made. The discovery of the unique characteristics of the infra-red absorp- 
tion spectra of molecules has stimulated the development of technique ; and 
the striking advances recently reported ^ extend the range of application to 
15 g (the limit of transmission of rock-salt), and in principle to 25 [l (the 
limit of transmission of potassium bromide). It appears that the funda- 
mental vibration region, which covers the range 2*5 — 25 g approximately, 
is providing data of great utility in analytical chemistry, and the large 
number of publications during the past year justify a short report which 
should be read against the background of last year’s report on “ Recent 
Advances in Infra-red Spectroscopy 

51 Jnd. Eng, Chem, Anal., 1945 , 17, 811 . *2 1940 ^ 13^ 407 , 

1 Ann. Reports, 1931 , 28 . 181 ; 1938 , 35, 395 . « Ibid., 1945 , 42 , 6 . 
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It is convenient to recall that there are two units employed in designating 
portions of the infra-red spectrum : a wave-length unit, the micron, pi 
{10,000 a. = 1 pi — 10^ cm.), and a frequency unit, the wave-number or 
cm.“^, related to the wave-length unit by 1 cm.-^ = l/x (cm.) ; for example, 
4000 cm.-i = 1/2*5 X 10-^ cm. == 1/2*5 pi. 

Investigations of infra-red absorption spectra depend upon the avail- 
ability of (1) a source emitting a continuous range of wave-lengths, (2) a 
means of focusing and dispersing this radiation into very narrow bands of 
definite wave-lengths, (3) a means of interposing a sample of suitable thick- 
ness in the path of the radiation, and (4) means of detecting, measuring, 
and recording the radiation transmitted. 

The source commonly employed is a Nernst filament or a silicon carbide 
rod (Globar) electrically heated, but ni chrome ^ and an alloy containing iron, 
chromium, and aluminium ^ have also been used. Owing to the difficulty of 
constructing achromatic and transparent lenses for focusing infra-red radi- 
ation, surface- coated mirrors of gold or aluminium ^ are employed. Prisms 
transparent to the limits indicated (glass 1*5 pi, quartz 3 g, lithium fluoride 
5 pi, fluorite 9 pi, rock-salt 15 pi, and potassium bromide 25 pi) are generally 
used to disperse the radiation. In a fresh comparison of relative merits, 
fluorite is preferred to lithium fluoride.^ 

Calibration of a prism spectrometer may be effected by means of 6 or 8 
points ranging from the sodium D line to the carbon dioxide 14*97 pi band."^ 
Although atmospheric moisture causes deterioration of rock-salt surfaces, it 
is much used as a prism material and as the transparent portions of absorption 
cells. Resistance to atmospheric corrosion may be increased by heating at 
500° for a few hours.® Other precautions, such as a small heating element 
under the prism tables, may be instituted.® Absorption cells for substances 
molten at elevated temperatures may be made by cementing rock-salt plates 
to “ Pyrex ’’ glass with silver chloride, but the cell must be kept above 150° 
to prevent stresses from cleaving the rock-salt.^® 

Advances in the detection, measurement, and recording of infra-red 
radiation are very striking. The present limit of photography (1-3 pi.) is 
likely to be extended to 1*53 pt by placing infra-red sensitive phosphor screens 
in contact with photographic plates.^^ A sensitive photo-conductive cell of 
lead sulphide with maximum sensitivity at 2*5 pi and threshold at 3*6 pi 
is mentioned, and filters of organic dyes and plastics, transmitting in the 
region 1 — 3 pi but passing little visible radiation, have been produced. 

® N. Wright and W. Herscher, ,7. Opt. Soc. Amev.^ 1946, 86, 196. 

* J. Savage, J. Set. Instr., 1946, 23, 295. 

® N. W. Scott, J. Opt. Soc. Amer.y 1946, 86, 711. 

® R. C. Gore, R. S. Macdonald, V. Z. Williams, and J. U. White, ibid., 1947, 87 , 23. 

^ D. S. McKimiey and R. A. Friedel, ibid., 1946, 86, 716. 
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The rapid scanning and recording of absorption spectra demands radiation 
detectors of small time constant, and comparative studies of the performance 
of infra-red receivers have been made.^^ 

In respect of speed of response, thermopiles are somewhat wanting, but 
the construction of thermopiles having time constants of only 0 01 — 0*03 
sec.^® suggests that the objection has been at least partly removed. Sensi- 
tive thermopiles of several designs, including vacuum types, have been 
described.^® In one instrument, two halves may be connected in opposition 
giving a compensated thermopile which is free from drift or the two halves 
may be illuminated with different beams such as may be obtained with a 
compensated optical system. Another thermopile has four receivers in line 
for use with a double-beam infra-red spectrometer in which each of two 
different beams fall on one of the two inner receivers, the two outer receivers 
providing compensation. In some instruments the time constant has been 
diminished to less than 0*05 sec. 

The construction of sensitive bolometers, instruments in which use is 
made of the rapid change of resistance of a metal ribbon or film with temper- 
ature, has been described. The application of a fast superconducting 
instrument operating at 14° k. is foreshadowed.^® Thermistor bolometers 
are made of semi-conductors of which the resistance varies rapidly with 
temperature. An instrument with a time constant of 3 millisecs. is described 
together with a detector system w^hich scans 1 jx in 1 minute. 

G. F. Lothian has given a survey of modern spectrometers, and, although 
the relative merits of single- and double-beam instruments are debated, 
reference may be made to a mirror double monochromator intended for 
work in the infra-red, visible, and ultra-violet regions of the spectrum, and 
having two prisms each of quartz (0-2 — 2-7 g), flint {0*4 — 1-5 g), and rock- 
salt (0*2 — 16*0 g). The radiation receiver for infra-red is a compensated 
thermopile and galvanometer, deflections of which may be magnified by a 
relay outfit and secondary galvanometer. 2® J. U. White ^ described a 
simple infra-red spectrometer recording optical densities directly, and means 
of presenting spectra extending over widths as great as 3 g on the screen 
of a cathode-ray tube have been reported.^^ 

Analysis. — Theory and experiment appear to be in agreement that unless 
two molecules are identical, or are optical enantiomorphs, they will have 
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different arrays of vibration frequencies and correspondingly different infra- 
red absorption spectra. It follows that each pure substance has its own 
characteristic infra-red absorption spectrum by which it can be identified. 
In order to operate a system of identification based on these spectra, a large 
number need to be recorded and suitably classified. Spectra of 363 organic 
compounds have been indexed and there are many distributed throughout 
the literature. As illustrative of the value of infra-red methods of identi- 
fication, and foreshadowing applications in the analysis of plastics, it is 
found that natural rubber and synthetic rubbers afford different distinctive 
absorption spectra which can be used in the quantitative analysis of mix- 
tures.^® In an examination of 7 cycZopentanes and 5 ci/cZohexanes, the 
spectral differences between four dimethylcycZopentanes were found to be 
quite marked. w^oPentane, not found hitherto in crude oil, was identified 
and determined along with the other constituents of a fraction also containing 
propane, n- and is'o-butane, and isopentane.^® 

There are, however, spectral similarities between chemically related 
substances, and, as a result of correlation work, it has been found that certain 
groups of atoms, and linkings, give rise to absorption bands in characteristic 
regions of the spectrum,^® These depend in some measure on the masses 
of the vibrating parts, and in this connection it may be recalled that the 
existence of the heavy isotope of hydrogen was confirmed by the discovery 
of bands duo to and ^H^'^Cl in the calculated position about 4*8 jx as 

compared with 3-46 pL for ^HCl.^® In the high-frequency (3 (x) region, the 
stretching vibrations between hydrogen and other atoms give rise to bands 
between the limits indicated : 0”H 3700 — 3500 cm.”^ (if hydrogen bonding 
occurs, the frequency is lower), N~H 3500 — 3200 cm."^, C“H 3200 — 2800 
cm."^, S"H 2500 cm."^ approximately; C:C, C-N, and CiO are related to an 
absorption at close to 2000 cm.”^ ; CIO in esters, acids, aldehydes, and ketones 
affords absorption at 1750 — 1650 cm.-^, and aliphatic CIC at 1660 — 1600 
cm."^ However, absorptions such as that due to CIC may be weak or non- 
existent if the linking occurs in a symmetrical position in a molecule, since 
infra-red absorption only occurs if the associated vibration causes a change 
in dipole moment. Otiier correlations relating to more complex groupings 
have been worked out, and they all play an essential part in analysis. The 
unexpected appearance of such a band in the absorption spectrum of a 
substance of known spectrum indicates the presence of an impurity. 
For example, i^oborneol in camphor may be detected down to low limits by 
the 0‘"H band near 2-9 [x.^i If the chemical history of the substance is 

** R. B. Barnes, V. Z. Williams, A. R. Davis, and P. Giesecke, Ind. Eng. Chem. 
(Anal.), 1944, 16, 9. 

E. K. Plyler, R. Stair, and C. J. Humphreys, J. Opt. Soc. Amer., 1946, 36, 716. 

** L. C. Jones, jun., R. A. Friedol, and G. P. Hinds, jun., Ind. Eng. Chem. (AnaL), 
1945, 17, 349. 

R. B. Barnes, R. C. Gore, U. Liddel, and V. Z. Williams, “ Infra-red Spectro- 
scopy ”, 1944. 

J. D. Hardy, E. F. Barker, and D. M. Dennison, Physical i?ev., 1932, 42, 279. 

G. B. B. M. Sutherland, Trans. Faraday Soc., 1945, 41, 206. 
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known, the alien band may afford an important clue as to the identity of 
the impurity, particularly as the precise values of these frequencies are 
related to the structure of the rest of the molecule. When the identity of 
the impurity is established, then the characteristic band may also bo used to 
determine the proportion present. 

Some recent work on DDT [1:1: 1 -trichloro-2 : 2-di-(4-chlorophenyl)- 
ethane] brings out the advantages of using infra-red absorption as compared 
with other analytical methods such as the determination of halogen or 
colorimetric reactions.^^ DDT has strong bands at 9-1 [i and 9*8 (i which are 
common to isomers and impurities containing a jp-Cl-substituted phenyl 
grouping ; isomers and other impurities have bands not possessed by DDT 
as indicated : 

1:1: l-trichloro-2-(2-chlorophenyl)-2-(4-chlorophenyl)cthane, 9*6 g 
(o-ehlorophenyl group) and 13*3 (x; 

1:1: l-trichloro-2-(3-chlorophenyl)-2-(4-chlorophenyl)ethane, 10*9 [x ; 

1 : l-dichloro-2 : 2-di-(4-chlorophenyl)ethylene, 10*2 [i; 

di-4-chlorophenyl sulphone, 7-5, 8-6, and 7*8 [x ; 

2:2: 2-trichloro-l-(2-chlorophenyl)ethyl 4-chlorobenzene8ulphonate, 
8-4 and 10*1 (x. 

The presence of these bands in commercial DDT was presumptive evid- 
ence of the presence of the corresponding impurities, and their concentrations 
could be inferred from absorption measurements at wave-lengths correspond- 
ing with these key bands. The fact that the absorption spectrum of pp'- 
DDD [1 : 1 -dichloro-2 : 2-di-(4-chlorophenyl)ethane] in the range 7 — 15 (x 
shows only small differences from that of DDT adds a warning note that 
infra-red technique has limitations. 

The failure to observe certain bands characteristic of impurities does not 
necessarily imply their absence. A certain minimum concentration, possibly 
several units %, may be necessary before bands from the impurity can be 
distinguished from absorption due to the principal substance, or bands due 
to the latter may mask those of the impurity. As instances, as little as 
0-5% of ethyl alcohol can be detected in acetaldehyde by the alcohol band of 
wave-number 1052 cm. The 0"H band was not used because the aldehyde 
absorbs at 2-9 (x.®^ Concentrations of a-pinene as low as 2% could be de- 
tected in a mixture of terpenes by a band at 787 cm.'^. Illustrative of the 
versatility of the technique, there have been detected organic phosphites in 
phosphonates, impurities in ethylidene chloride and tetrachloroethylene, 
trichlorobenzoio acid in the dichloro-acid,^® eyeZohexane in toluene, and as 
little as 1 p.p.m. of hexane in carbon tetrachloride.^ 

Quantitative Analysis. — Quantitative analysis may be performed by 

J. R. Downing, W. V. Freed, I. F. Walker, and G. D. Patterson, Ind, Eng. Cfiem. 
{Anal.), 1946, 18, 461. 

D. H. Wiffen, P. Torkington, and H. W. Thompson, Trans. Earadmf Soc., 1945, 

41, 200. 

** R. C. Gore and J. B. Patberg, Ind. Eng. Chem. {Anal.), 1941, 18, 768. 
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empirical calibrations using mixtures of known composition, or by application 
of Beer’s law, but it must be borne in mind that this law would be expected 
to be followed only if determinations of optical density are made with homo- 
geneous radiation. If a narrow band of wave-lengths is employed, as is usual 
in infra-red work by reason of the finite slit width which has to be employed, 
then departures from Beer’s law may be expected whenever the observations 
are made at wave-lengths over which the extinction coefficient e changes 
sharply with change of wave-length. In practice, observations made at the 
])eaks of bands usually follow the Lambert-Beer law. 

On the assumption that these laws arc ai)plicable to each of the n com- 
ponents of a mixture, and that the opticjal density, dx at any wave-length, is 
the sum of the optical densities of the components, then, if I is the thickness 
of the cell, 

dx d^x d^x + . . . + dftx 

“ “I" • • • + On^nx) 

Consecpiently, it is necessary to determine the optical density at each of 
n wave-lengths, at which the values of e have been determined for the pure 
components, in order to obtain n equations from which the concentrations 
C\,C 2 . ... Cn can be calculated. The calculations may be facilitated by sj)ecial 
manipulation of the linear equations and the use of a calculating mackine,*^^ 
but the accuracy of the concentrations deduced de])ends upon several factor's. 
For highest accuracy, the percentage absorjitions should be in the neighbour- 
hood of 63% ; an error of 1 % leads to larger errors in the value of The 
thickness of absorjrtion cells may be made as small as 0-005 mm. in conse- 
quence of high values of e exhibited by many liquids, and the acjcuracy with 
which values of C can be calculated depends on the accuracy with whi(k I is 
determined. Interference methods with infra-red and visible light and the 
weight of contained liquid have been used.^"^ J. H. Lee has developed 
methods of correcting for ( 1 ) scattered energy which reaches the receiver by 
circuitous jjaths, (2) errors resulting from finite slit width and narrow absorp- 
tion bands, (3) pressure broadening and the effects of admixed molecules, and 
has determined the composition of hydrocarbon vapour mixtures containing 
five components with an error of less than T5 niol.%. He records data 
relating to bands of 12 hydrocarbons. For instances of binary mixtures to 
which Beer’s law does not apply, M. Fred and F. W. Porsche describe a 
graphical method in which observed optical densities of the mixture deter- 
mine the location of a point inside a co-ordinate network reading directly 
in concentration. 

J. Lecomte ^ gives criteria for the use of infra-red spectra in determining 
the x>urity of hydrocarbons and makes the point that in the analysis of 

L. J. Comrie, J. Sci. Instr.y 1944, 21, 129 ; J. L. Saundorson and H. H. Grossman, 
J. Opt. Soc. Amer.f 1946, 86, 243. 

A. R. Philpotts, Trans. Faraday Soc., 1945, 41, 197. 

G. B. B. M. Sutherland and H. A. Willis, ibid., p. 181 ; A. E. Martin, ibid,, p. 181. 

Ind. Eng. Chem, (Anal.), 1946, 18, 669. 

« IbU., p. 608. 


Compt. rend,, 1946, 222, 648. 



GASKm : THE DETBBMINATION OF SMALL QUANTITIES. 


329 


hydrocarbon mixtures, such as motor spirits, the spectra are too complicated 
unless carefully purified fractions are employed. Preliminary separations 
are often an essential feature, as, for example, in the analysis of mixtures of 
xylenols.®^ 

Infra-red absorption spectroscopy is playing a part in many branches of 
analytical chemistry and recent applications include the accurate spectro- 
photometric determination of copper in hydrochloric acid solution by means 
of measurements at 0*97 [jl and routine determination of Cu’*, Pe”, Ni, and 
Co'* may be made by means of thallium sulphide ])lioto-elements.^‘^> 
Minute amounts of hydrocarbons in soil gases may be determined by 
combustion to carbon dioxide which is measured by infra-red absorption at 
2*5 — 2-8 and the water vapour in a vertical column of the atmosphere 

lias been determined by using a transmission replica grating and an infra-red 
sensitive photo-cell to compare the radiant flux in the 0-94 ^ water vapour 
absorption band with that at I -01 (x where no absorption occurs The 
determination of leucine and isoleucine in mixtures of the twu derived from 
the hydrolysis of proteins is a matter of great difficulty analyticall}^ and 
G. B. B. M. Sutherland has found sufficient differences between infra-red 
absorption spectra of these amino-acids, and also between their acetyl 
derivatives, to permit determinations of the proportions with an accuracy of 
about 5%. The concentrations of oxyhsemoglobin, irietha3moglobin, and 
carboxyhsemoglobin in samples of blood have been determined from spectro- 
photometric observations made in the infra-red and the visible region of the 
spectrum. 

Among the advantages of infra-red absorption spectroscopy as a method of 
analysis, mention may be made of (1) the small quantities of material usually 
required for an analysis, (2) the absence of any decomposition and its conse- 
quences, by the radiation, except perhaps in very rare instances, and (3) 
the simplic'.ity and speed with which an analysis can be performed after 
the preliminary calibrations have been made. Sufficient has been said 
to indicate that the technique, in common with other physical methods of 
chemical analysis, has its own particular fields of utility, in parts of which it 
is the method of choice, and in certain circumstances may be the only method 
by which it is possible to carry out a particular analysis. J. G. A. G. 

5. The Determination of Small Quantities. 

It was the intention of the Reporter, under the above title, not only to 
review the progress made in the determination of small quantities, but also to 
use such a review to indicate the present trends in analytical chemistry. 

P. Giesecke, Amer, Jnst. Min. Met. Eng., 1944, Tech. Publ. 1740, 15 pp. ; Min. 
Tech., 8, No. 5. ' 

G. Borraz and E. Virasoro, Anal. Inst, invest, cient. teen., 1942 — 1943, 12 — 13, 147. 
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The term ** small quantities was to include, not only analyses made where 
the total material available was small, but also those where the quantity 
determined was small irres})ective of the amount of material available. The 
review of work done was therefore to include largely microchemical methods, 
together with certain applications of quantitative spectrography, colorimetric 
and turbidity measurements, polarography, X-ray diffraction analysis, 
and some macro-analytical methods. A recent monograph ^ has, however, 
provided a very complete review of microchemical progress besides drawing 
attention to other reviews dealing with the same subject.^*^’ ^ In these cir- 
cumstances further detailed reference to such work here is unnecessary, and the 
Reporter intends to proceed to the second lialf of his intended subject after 
briefly reviewing the other methods mentioned above. The references to 
recent literature in the following text are not necessarily comprehensive ; 
they have been selected because they indicate certain important trends in 
analytical practice. 

QuantiMwe Spectrography. — The large majority of workers in this field 
are broadly concerned with only two aspects of a spectrum, the position in it 
of a particular elemental line and the relative density of that line when 
recorded on a photographic plate. The accuracy with which the second of 
these measurements is being made is increasing steadily, and in recent work 
at the expense of the speed in making a determination. As regards the first 
measurement the spectrograph is established as a powerful tool in qualitative 
analysis. Two recent publications, one dealing with the analysis of high 
purity zinc and zinc alloys ® and the other with metallurgical analysis,® 
describe clearly the amount of care and research necessary to obtain results 
of maximum accuracy. Much attention must always be paid to general 
technique, of which the photographic aspect is by no means the least 
important. ® 

Accurate assessment of the value of the quantitative spectrographic 
method involves three factors. As it is at jjresent used, the spectrographer 
normally has some previous knowledge of the composition of the material he 
examines, and the method has been largely applied to analyses where this 
knowledge is largely implicit, e.g., metallurgical analysis. Such previous 
knowledge may, of course, have been obtained by the use of the spectrograph 
but more frequently by other examination. Thus it has been observed ® 

^ R. Belcher, “ Microchemistry and its AppKcaiions ”, Monograph published by the 
Royal Institute of Chemistry, 1946. 

* L. T. Hallett, Ind. Eng. Chern. Anal., 1942, 14 , 956. 

® H.RothjAngreic. eViem., 1940,53, 441. * G. H. Wyatt, C/iew. and /nd,, 1942,61, 132. 

^ ” Polarographic and Spectrographic Analysis of High Purity Zinc and Zinc Alloys 
for Die Casting”, British Standards Institution Panel of the Non-Ferrous Industry 
Committee ; H.M. Stationery Office, 1945. 

* ” Collected Papers on Metallurgical Analysis by the Spectrogi*aph ”, edited by 
D. M. Smith; British Non-Ferrous Metals Research Association, 1945. 

’ E. H. Amstein, J. Soc, Chern. Ind., 1943, 62 , 51. 
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that a combination of spectrographic and chemical methods is better and 
more reliable for the determination of impurities in zinc than other methods 
such as the polarographic. 

Secondly, the spectrographer must be assured of a representative sample. 
Difficulties connected with this can to some extent be overcome by the facility 
with which many determinations can be made, but the Bureau of Mines in 
America,^® for example, has found it necessary to develop methods for the 
preparation of samples to be used for both spectrographic and A-ray examin- 
ation in the evaluation of dust hazards. Thirdly, the ability to make many 
determinations in a reasonable time allows a statistical survey of the results 
to be made. Such surveys, where an adequate number of results is available, 
are of recognised value. 

The above points have been mentioned to draw attention to the tendency 
to use and regard the spectrograph as a testing rather than an analytical 
instrument. This is not surprising, for the natural advantages of the 
method — low sample consumption, automatic permanent record of results, 
speed in making many determinations, etc. — are all of great value where 
much routine testing has to be done. Nevertheless, the comi)lexity of a 
spectrogram, the recognised interferences of elements present in the exciting 
source, and the by no means negligible influence on a specitrogram of the 
pliysical state of the material under examination all suggest that valuable 
information, additional to the amount of a particular clement, might be 
obtained by further interpretation of a spectrogram. On these lines there is 
little progress to report. 

Colorimetric and Turbidity Measurements , — It has been remarked that the 
absorptiometer is primarily of use in the quantitative analysis of certain 
solutions the composition of which is already qualitatively and possibly 
partly quantitatively known. Such a statement applies equally well to 
most instruments used for the mechanical measurement of colour and tur- 
bidities and indicates the value of these instruments in repetitive work. For 
it is in this work that matching by means of a photoelectrical measuring 
device is more effectively done than matching by eye.^^ It is not surprising, 
therefore, that, having an instrument which will give the same reading for the 
same amount of a coloured substance, a great deal of attention has been paid 
to the development of measuring techniques and to the preparation of 
selective organic reagents which produce highly coloured compounds. 

Methods involving turbidity measurements with some form of photo- 
electric cell have not made such strides. Certain satisfactory determinations 
have been recorded, such as the determination of zinc by measurement of the 

10 J. W. Ballard, H. I. Oshry, and H. H. Shrenk, J. Opt. Soc, Amer., 1943, 33 , 
667. 

11 H. K. Whalley, Chem. and Ind., 1942, 61 , 495. 

1^ A. Ringbom, Chim, et Ind., 1941, 46 , No, 3 bis 304. 

10 Abstract review of lectures delivered at symposium of the Analytical Group of 
Verein deutscher Chemiker, Die Chemie, 1942, 55, 361. 

1* J. G. N. Gaskin, Ann. Beporta, 1946, 4^ 265. 



332 


ANALYTICAL OHBMISTRy. 


fluorescent turbidity of the oxine complex and the determination of small 
amounts of bismuth by measurement of the turbidity produced by the 
addition of bromate-bromide mixture.^® Generally, however, accurate 
measurements of turbidities have increasingly revealed the extent to which 
small variations in conditions affect the turbidity, e.g., barium sulphate 
and barium carbonate.^® In fact, barium sulphate figures are often in- 
accurate.^^ It becomes clear, then, that the introduction of the photo-cell 
into turbidity measurements could provide much valuable knowledge of the 
formation of precipitates, particularly up to the stage of coagulation. 

PolarograpJiy . — The polarograph, as an instrument suitable for the 
accurate determination of small amounts of particular elements and com- 
])ounds, is becoming more widely appreciated. Reviews of its uses, ranging 
from its elementary applications to recent developments, have been 
published. A panel of the British Standards Institution has produced recom- 
mended methods for the polarograph ic and spectrograph! c analysis of high- 
})urity zinc and zinc alloys for die-casting, together with an account of the 
experimental work leading to the recommendations made. More recently, 
accounts have been given of applications of the polarograph,^^ its use in bio- 
chemical analysis, in the analysis of aluminium, magnesium, and zinc 
and of high-purity selenium, and compounds of nickel and cobalt. 

The authors of these four papers emphasise that the polarograph must be 
regarded as complementary to, rather than replacing, existing analytical 
methods. They find it difficult to generalise about polarographic problems ; 
each ])roblem has to be treated on its merits. Some polarographic methods 
are considered to be outstanding, e,g., the determination of cadmium as an 
impurity in zinc. The yjolarograph is most easily adapted to routine testing, 
and it may be said that its potentialities in other directions have not been 
sufficiently examined because of this. 

X-Ray Diffraction , — Hitherto in this account the different analytical 
methods described can and often do provide the same information, that is, 
the amount of an element in a given material. It is frequently a matter of 
personal choice whether micro- or macro-methods, spectrograph, or polaro- 
graph are used. The X-ray diffraction camera on the other hand provides 
information which the other methods (except sometimes indirectly) cannot, 
and herein lies its importance. Thus the determinations of 0*1% of calcium 
oxide in magnesium oxide, and of 0-2% of zinc oxide in zinc sulphide are 
quite feasible ^6 and have been made. Similarly, X-ray diffraction studies of 
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paving asphalts reveal information unobtainable by other means, and such 
materials meeting the same specification have been found to differ greatly. 
A complete review of the application of monochromatic X-rays to the analysis 
of mixtures has been published by M. Patry S. T. Gross and D. E. Martin 
have also described the use of powder-diffraction methods for the analysis of 
crystalline mixtures. Attention has been drawn to the value of powder- 
diffraction analysis supplemented by and frequently preceded by spectro- 
graphic examination.^® The preparation of suitable samples for A-ray work 
has already been mentioned. 

Macro -methods. — For the purposes of this account two examples of the use 
of macro-methods in the determination of small amounts are of value. These 
are the published standard methods for the chemical analysis of high-purity 
zinc and zinc alloys for die-casting whereby known standard metals can bo 
])rovided for spectrographic and other purposes, and the successful adaptation 
of the method of H. H. Willard and O. B. Winter to the determination of 
small amounts of fluorine in foods, in coal and factory dusts, and in airs.'^ 

Modern Outlook. — The great majority of the papers abstracted in the 
analytical sections of the various publications are concerned with either 
qualitative or quantitative examination for elements. Apart from organic 
analysis only one of the recently developed methods attempts to make deter- 
minations of compounds as such in a submitted material. Few papers relate 
the determined analytical figures with the physical state of the material 
examined. 

Analysis for elements has been brought to a considerable state of per- 
fecjtion, so much so that the successful repetition of quite difficult determin- 
ations is a commonplace. This achievement, and it is an achievement, has 
undoubtedly been made possible by the introduction of the new physical 
methods, the spectrograph, the absorptiometer, and the polarograph. 
Nevertheless, it must be recognised that this ability to make numerous 
elemental determinations, as and when desired, and by the particular method 
favoured by the operator, does not constitute the full meaning of analysis or 
its complete purpose. Having made certain of his ability to determine the 
primary constituents of his material, the analyst must surely now desire to 
study its structure. 

It has been recognised that a combination of chemical and physical 
methods can yield more information than either individually.^^ The com- 

C. L. Williford, Agric. and Mech. Coll. Texas^ Eng. Exp. Slat. Bull., 73, 70 pp.; 
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plete realisation by the analyst that he must combine the information he gets 
from all of the main methods of examination (micro-, spectrograph, etc.) 
is a step in the right direction. Then, to render substantial assistance is the 
development of the Z-ray diffraction camera which already yields information 
beyond the powers of existing analytical methods. Finally, certain possible 
developments of the other* physical methods may help. Harnessed to the 
rigid necessity of performing its present qualitative and quantitative work, 
the spectrograph has to avoid different physical states in the exciting source, 
wliereas such variation might be related to varying physical state. Similarly 
with line interferences. How the absorptiometer might assist has already 
been indicated. The polarographer usually wishes to suppress unwanted 
maxima in his diffusion currents and does so with “ surface active ’’ sub- 
stances. Attempts have already been made to use the suppression of these 
maxima to measure the quantity or indicate the presence of such com})ounds. 
Further, the polarograph can be used to prove the presence of and determine 
the amounts of compounds where these are reducible at the dropping 
electrode. 

It must be recognised that this analysis for compounds and the determin- 
ation of physical state is of fundamental importance. A single example will 
show this. Despite the tremendous amount of work which has been done in 
the evaluation of dust hazards, the determination in a dust of the kind and 
amount of silica which causes silicosis is a problem which as yet is not com- 
pletely solved. The Z-ray diffraction camera is providing new information, 
but for that to succeed preliminary and complementary work using man}^ 
methods will be necessary. Here then is the present and future position of 
the analyst. He can provide all elemental information. He will provide 
information as to compound constituents and their physical state. 

It would be wrong in this review not to draw attention to a matter which 
has been frequently discussed in recent times, viz,, the necessity of improving 
analytical instruction in this country. It is hoped that the Reporter has 
made it clear what is to be expected of an analyst. Such an analyst would 
require a very wide scientific analytical knowledge. Where is he to get it ? 

J. G. N. G. 

J. G. N. Gaskin. 

J. G. A. Griffiths. 

E. G. Kellett. 

J. R. Nicholls. 
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Absorptiometer in quantitative analysis, 
331. 

A cantinas vulgaris ^ scyllitol from, 169. 

Acetaldehyde, detection in, of ethyl alco- 
hol, 327. 

Acetamide, hydrogen bond in, 152. 

Acetanilides, o-substituted, hydrogen 
bonds in, 145. 

Acetic acid, entropy and hydrogen bond 
force constant for, 15. 
lead salt, fission of a-glycols by, 180. 
reaction of, with sugarderivati ves, 181. 

Acetobacter suboxydansj action of, on 
?ae.soino8itol, 168. 

a-d-Acetochloroglucoso, reaction of, with 
benzene and aluminium chloride, 1 88. 

Acids, carboxyli(}, dielectric? polarisation 
of, in relation to association, 26, 27. 
fatty, association of, in benzene, 26. 

Acridine, detection of, 314. 

Acridine -1 -carboxylic acid, basic strength 
of, 148. 

Ac tin, 281. 

reaction of, with myosin, 285. 

Actomyosin, 284. 

Adenosinetriphosphatase, 280, 283. 

Adsorption by metallic sulphides, 120. 

^^tio-5-aZ/ochola-14 : 16-dienic acid, 3(/9)- 
hydroxy-, acetyl derivative, methyl 
ester, 227. 

iEtiocholane, structure of, 200. 

^tiocholanic acid, 3(a) ; ll(a)-d^hydroxy-, 
219, 221. 

./Etio-5-a/Zocholanic acid, 3(/3) -hydroxy-, 
acetyl derivative, methyl ester, 227. 

17 -i 50 ^tio- 5 -aZZocholanic acid, 227. 

14-aZZo-17-wo.iEtiocholanic acid, methyl 
ester, 229. 

^tiodeoxycholic acids, lactone formation 
by, 223. 

17 - isoJBtio-ly : 14 - diaZZocholanic acid, 
methyl ester, 227. 

Aglycones, Digitalis group, synthesis of, 
225. 

Agranulocytosis, 300. 

Air, detn. in, of fluorine, 333. 

Albumin, egg-, sedimentation equili- 
brium of, 36. 

Alcohols, association of, and X-H stretch- 
ing vibration, 16. 

dielectric polarisation of, in carbon 
tetrachloride, 27. 
in relation to association, 26. 
polyhydric, 183. 

secondary, optically-active, properties 
of, 165. 

Alizarin, overgrowths of, on crystalline 
salts, 77, 78. 

ZV-Alkenylpiperidines, reactivity of, 234. 


4-AlkyIaminoquinolines, synthesis of, 248. 

Alkyl bromides, bimolecular substitution 
of, activation energies of, 163. 

/J?-Alkylcysteines, fission of, by mould 
cultures, 268. 

Alkyl-oxygen fission of alcohols and their 
esters, 165, 166. 

Allitol from cZ-glucose, 178. 

4-0-Allylre8acetophenone, Claisen re- 
arrangement of, 148. 

Aluminium, analysis of, 332. 
from bauxite and clays, 133. 
mirrors for infra-red spectroscopy, 324. 
reduction of magnesia with, 132. 

Ahuninium bromide, crystal structure of, 
95. 

Amides, mol. wt. and structure of, 152. 

Amine oxides, properties and structure 
of, 151. 

Amino-acids, detn. of, in proteins, 320. 
hydrogen bond in, 152. 
separation of, on moist filter paper, 1 80. 

Amino -compounds from coal-tar, detec- 
tion and detn. of, 313. 

Aminosulphitoiridites, 126 . 

Ammonia, catalytic synthesis of, 119. 
hydrogen bond in, 152. 
ionisation of, 321. 
molecular interactions in, 8. 
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for, 72. 

azide, hydrogen bond in, 152. 
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of, 76. 
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fluoride, crystal structure of, 94. 
fluorides, structure of, 150. 
dehydrogen arsenate, entropy of, 14. 
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of ions on habit of, 76. 
entropy of, 14. 
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synthesis of, 196. 

Amylose, differentiation of, from amylo- 
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hydrolysis of, by j8-amylase, 194. 
separation of, from starch, 193. 
structure of, 102. 
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AnaJiniu, chicken, cure of, by vitamin*J5c 
and yeast factor, 258. 

Aniemia, cure of, by ichthyopterin and 
xanthopterin, 260. 

human, treatment of, factors for, 296. 
macrocytic, pregnancy, and refractory, 
treatment of, 302. 

monkey, cure of, by vitamin-M, 258, 
pernicious, treatment of, 302. 
prevention of, in chicks, factors for, 29H, 
299. 

treatment of, with pterins, 305. 

Arialcime, crystals, face development and 
space group in, 70. 

Analgesics, search for, 232. 

Analysis, biochemical, polarographic, 332. 
metallurgical, spectrography in, 330. 
microchemical, 329. 
polarographic, 332. 
spectrographic, metallurgical, 330. 
quantitative, 330. 

spectroscopic, absorption infra-red, 323. 
of hydrocarbons, 310, 311, 

y\nalyti(!a,l chemistry, 307. 

Androstane, derivatives, odour of, 207. 
structure of, 200, 

Androstano, m-3(/3) i 16 : 17-/nhydroxy-, 

Androst-16-ene, 3-bydroxy -derivatives, 
musk odour of, 207. 

3(/3)-hydroxy-, hydroxylation of, 231. 

Androst-5-en-i7-one, 3(j8)-chloro-, 210. 

Androsterone, a-cliloro-, structure of, 210. 

1 : 6-Anhydro-^-d-galactoso 1 : 6-anhydro- 
^-d-idoso, 2-amino-, 186. 

1 : O-Anhydro-^-d-idose, 3-amin()-, 186. 

Anhydroleucoptorin, 253. 

1 : 4-Anhydroraannitol, 184. 

2 ; 5-Anhydrosorbitol, 184. 

Anh^droxylitol, 183. 

Aniline, detn. of, in its derivatives, 313. 

Ansa-compounds, 165. 

Anthracene, chromatography of, in an- 
thracene oils, 308. 
detn. of, in anthracene oils, 310. 
heat of formation of trinitro benzene and, 
in carbon tetrachloride, 7. 
intergrowths of, with chloranil, 78. 
spectrum of, absorption, ultra-violet, 
310. 

Anthracene oils, detn. in, of anthracene 
and of 1 : 2-benzpyrene, 310 

Anti-anaemia factors, 296. 

Antibiotics, gliotoxin, 244. 

Antimony films, crystallisation of, 86. 

d-Arabinose, preparation of, from d-man- 
nitol, 183. 

/-Arabinose, conversion of, into Z-xylose, 
185. 

Arginine, optical resolution with, 156. 

Arlitan, 183. 

Arsenic, detection of, 263. 

Arsenic compounds, methylation of, by 
moulds, 271. 

^r^'hydride from action of moulds on 
pigments, 262. 


Arsenides, composition and structure of, 
113. 

Arsenious acid, methylation of, 272. 

Arsine. See Arsenic frihydride. 

Arsines, complex compounds of, with 
iridium salts, 127. 

4-ArylaminOquinoline8, synthesis of, 248. 

4-Arylcinnoline8, preparation of, 249. 

Arylolofinic acids, restricted rotation of, 
163. 

4-Arylpiperidirtes, 4-cyano-, iV-substitTited, 
reactivity of cyano-groups in, 235. 

Aspartic acid, detn. of, in a-lactoglobulin, 
320. 

Aspergillus, production of arsenic com- 
pounds by, 263. 

Aspergillus furnigatus, gliotoxin from, 244. 

Asphalt, paving, X-ray diffraction by, 333. 

Atoms, groups of, absorption spectra of, 
326. 

7-Azaindole, preparation of, 244. 

hicyclo['2, : 3 : J ]- 1 -Azaoctane, 238. 

Azobenzene, amino-, detn. in, of aniline, 
313. 

Azo-compounds, o-hydroxy-, structiiro 
and properties of, 146. 
structure of, 152. 

Bacillus xylinium , bacterial cellulose from, 
192. 

Bacteria, intestinal, synthesis of motliyl 
groups by, 279. 

Barium titanate, crystal structure of, 92. 

Bauxite, aluminium from, 133. 

Boer’s law, 328. 

Bonzanilide, formation of, from bonzo- 
phonone oxime hydrochloride, 167. 

Benzene, analysis of, mixed with toluene 
and xylene, 310. 

detn. of, by heat of nitration, 310. 

in presence of toluene and xylenes, 309. 
interaction energy in, 9. 
spectrum of, absorption, ultra-violet, 3 1 0\ 

Benzene, hexaiodo-, carbon from, 94. 
rn-dinitro-, crystal structure of, 99. 

Benzil ?aonoximes, structure and pro- 
perties of, 146. 

Benzoic acid, structure of, isotope effect 
on, 12. 

Benzoic acid, irtchloro-, detection of, in 
tho dichloro-acid, 327. 
jf?-fluoro-, dielectric polarisation of, 27. 

2 : 6-dihydroxy-, ionisation constant of, 
148. 

1 : 2-Benzpyrene, detn. of, in anthracene 

oils, 310. 

Benzyl alcohol, absorption intensity and 
association in, 17. 

0™H absorption of, in various solvents, 
19. 

2 : 4- Benzylidene xylitol, structure of, 183. 

Berthollide oompounds, 104. 

Boryl, attack of, for beryllium extraction, 
135. 

Beryllium, extraction of, and its separ- 
ation from aluminium, 135. 
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Beryllium, isolation of, 136. 
powder, 136. 

Betaine as lipotropic agent, 277. 
transfer of methyl group from, 271. 
transmethylation from, 277. 

Betitol, 171. 

Bile acids, structure of, 206, 224. 

Binary compounds, non-stoicheiometry 
in, 109. 

systems. See under Systems. 
Biochemistry, 262. 

Biological obje^cts, JC-ray structure of, 102. 
dZ- Biotin, configuration of, 239. 
resolution of, 156. 
synthesis of, 240. 
dZ-aZZoBiotin, 239. 
dZ-eptaZZoBiotin, 239. 
j8-Biotin, configuration of, 239. 
^«-«piroBiswoarsindolinium bromide, 159. 
Bisdehydrodoisynolic acids, stereochem- 
istry of, 224. 

Bisdehydromarrianolic acid, stereochem- 
istry of, 224. 

Bismuth, crystals, structure of, 80. 

detn. of, by turbidity measurements, 332. 
Bismuth breath, 265. 

double oxides and oxyhalides, 118. 
medicinals, tellurium in, 265. 

20-n- and -i«o-Bisnordeoxycholic acids, 
methyl esters, reaction of, with 
phenylmagnesium bromide, 222. 
12-ept'20-n- and -wo-Bisnordeoxycholic 
acids, synthesis of, 221. 

Aa-spiro-l^iQ'l : 2 : 3 ; 4-tetrahydrowo- 
arsinolinium bromide, 159. 

Blood, detn. in, of carboxy-, met-, and 
oxy-hsemoglobin, 329. 

Blood disease in monkeys due to in- 
adequate diet, 301. 

Bolometers, 325. 

Bonds, absorption spectra of, 326. 

Boric acid, crystalline, structure of, 151. 
MoBomeol, detection of, in camphor, 326. 
Boron hydrides, hydrogen-bond structure 
of, 154. 

Bravais’ law, 69. 

Bromal hydrate, interaction in, 16. 
Bromanil, overgrowths of, on silver and 
on sodium chloride, 78. 

Bromine, activation energies of exchange 
of, and steric hindrance, 162. 

Brucite containing excess metal, 119. 
Bushy stunt virus protein, mol. wt. of, 36, 
1 : 3-Butadiene, detection and detn. of 
impurities in, 322. 

n- and wo -Butanes, ionisation of, 321. 
Butterfly wings, pWins in, 261. 
cZ-sec. -Butyl alcohol, 166. 

ZerZ. -Butyl alcohol, association of, in 
cycZohexano, 26. 

Cadmium, detn. of, in zinc, 332. 

Cadmium oxide, composition of, 117. 

sulphate, basic, crystal structure of, 93. 
Calcite, crystals, etching of, 70. 

Calcium, at. wt. of, from X-ray data, 89. 


Calcium carbide, reduction of magnesia 
with, 132. 

oxide, detn. of, in magnesium oxide, 
332. 

titanate, crystal structure of, 92. 
Camera, X-ray diffraction, 332. 

Camphor, detection in, of woborneol, 326. 
2-Carbethoxyacetamidobenzoic acid, 4- 
chloro-, methyl ester, low- temper- 
ature cyclisation of, 248. 
Carbohydrates, 167. 

chromatographic separation of, 178. 
polymeric, end-group analysis of, 51. 
Carbon, amorphous, structure of, 94. 
Carbon ZeZrachloride, detection in, of 
hexane, 327. 

monoxide, oxidation of, nickel-oxide- 
catalysed, 119. 

Carboxyhsemoglobin, sedimentation equi- 
librium of, 36. 

Carrageenin from Iceland moss, 196. 
Catalase, magnetic properties of, 294. 
Catalysis in heterogeneous reactions, 119. 
Catechol, 3-nitro-, b. p. of, 144. 

“ Colite,” 179. 

Cells, photochemical, for infra-red absorp- 
tion, 324. 

thallium sulphide, 329. 
photo-electric, for turbidity measure- 
ments, 331. 

physiological, living, formation by, of 
methyl derivatives, 271. 

Cellulose, amorphous and crystalline, 192* 
bacterial, from Bacillus xylinium, 192. 
hydrogen bonds in, 143. 
membranes, 33. 

methylated, degradation of, by sodium 
in liquid ammonia, 191. 
oxidation of, with dinitrogen tetroxide, 
192. 

with periodates, 191. 
polydispersity of, and its derivatives, 69. 
polymerisation and structure of, 52. 
Cellulose acetate, mol. wt. of, 33, 62. 
acetates, effect of salts and solvents on, 
192. 

nitrate, sedimentation equilibrium of, 
in amyl acetate, 67. 

nitrates, mol. wt. and shape of, in 
acetone, 60. 

sedimentation constants of, in acetone, 
69. 

Chalcocite, composition and structure of, 
113. 

Chaloopyrite, 118. 

Cheirolin in nature, 266. 

Chelate compounds, metallic, formation of, 
and hydrogen bond structure, 148. 
Chenodeoxycholic acid, rotation of, 216. 
structure of, 214. 

Chicks, feathering of, factor for, 300. 
Chitin, deacetylated, reaction of, with 
nitrous acid, 187. 

Chloral hydrate, interaction in, 16. 
Chloriinil, intergrowths of, with anthra* 
cene, 78. 
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Chlorosiilphitoiridiies, 1 26. 

Oholane, structure of, 200. 

5-a^/oCholano, structure of, 200. 

Cholanic acid, 3 : 6 -d^hydroxy -derivatives, 

212 . 

Cholestane, structure of, 200. 

Cholestane, S-chloro-derivatives, 207. 
3-hydroxy-dorivative8, 20S. 
mono- and d?Miydroxy-derivatives, 205. 
Cholestane- 3(/3) : 5 : 6(j3)-triol, 211. 
a- and fi-Cholestanyl chlorides, structure 
of, 207. 

Cholestene, 3 : 7-dfhydroxy-derivativos, 
215. 

Cholest-2-ene, 208. 

Cholost-O-ene, 3(j3)-chloro-, 209. 

3(^) : 7 -dihydroxy -derivatives, 216. 
Cholesterol, autoxidation of, 215. 
oxides, structure of, 212. 
structure of, 206. 

Cholesteryl chloride, structure of, 209. 
Cholic acid, structure of, 214. 

Choline, lipotropic effect of, 274. 

transmethylation from, 274. 
Chondroitin, structure of, 196. 
Chondrosamine, structure of, 186. 
Chromatography of carbohydrates, 178. 
Chromium oxides, composition and 
structure of, 114. 

Chrysene, spectrum of, 311. 
d^-Cincholoiponic acid, ethyl ester, 236. 
Cinchona bark, quinic acid in, 172. 
Cinnolines, 249. 

Cinnolines, 4 -hydroxy-, preparation of, 
249. 

Cinnoline-3-carboxylic acid, 4-hydroxy-, 
reaction of, with acetic anhydride 
and pyridine, 250, 

Civetone, odour of, 207. 

Clays, aluminium from, 133. 

treatment of, acid and alkali processes 
for, 133. 

Coal-tar. See under Tar. 

Cobalt, crystals, structure of, 79. 
detn. of, 329. 

Cobalt compounds, analysis of, 332. 
oxides, composition of, 116. 
sulphides, phase equilibria in, 109. 
Cocosite, 168. 

Cocositol, 168. 

Coffee beans, quinic acid in, 172. 

Colour, measurement of, 331. 

Conduritol, 171. 

Convolvulin, d-fucose in, 178. 

Copper, crystals, structure of, 79. 
detn. of, in hoBmocyanin, 61. 
spectrophotometrically, 329. 
Coprostane, structure of, 200. 
Coprostane-3(j3) : 6 : 6(j8)-triol, constitu- 
tion of, 211. 

Coprostanol, structure of, 206. 
Corticosterone, structure of, 225. 

synthesis of, 218. 

Corundum, crystals, habit of, 77. 

Creatine, synthesis of, by liver slices, 278. 
from glycocyamine, 277. 


Creatine phosphokinaso, 284. 

Cresols, detection of, in presence of phenol 
and p-xylenol, ,312. 

detn. of, by ultra-violet absorption, 311. 

o-Cresol, detn. of, 312. 

m-Cresol, detn. of, 312. 

Cresylic acids, analysis of, by infra-red 
absorption, 311. 

Crystals, equilibrium of lattice defects in, 
105. 

faces, roughness of, 83. 

topography of, by multiple beam 
interferometric method, 84. 
form of, factors influencing, 66. 
growth of, 62. 

effect of solvents on, 65. 
habit of, effect of dyes on, 74. 
inorganic, 92. 

lattices, relation of, to face development 
and space group, 68. 
mosaic structure of, 79. 
non-conducting, semi-conduction by, 
110 . 

nutdeus formation in. and super- 
saturation, 85. 
organic, 96. 

oriented overgrowths of, 77. 
properties of, and hydrogen bonds, 150. 
X-ray diffraction by, 88. 
reflexions of, on rotation photographs, 
indexing of, 89. 
shape of, 81. 
single, growth of, 71, 86. 
stress in, 80. 

structure of, by Fourier synthesis, 90. 
effect of deuterium substitution on, 
11 . 

“ fly’s eye ” device for calculation of, 
90. 

hydrogen bonding in, 10. 
surface motion of particles in, 83. 
twinning of, 82 

Crystallisation, technical, 85. 

Crystalliser, Oslo, 85. 

Cuprous iodide, composition and con- 
ductivity of, 117. 

oxide, crystals, enantiomorphism of, 71. 

Cyanamides, hydrogen bond in, 144, 152. 

Cyclisation, high -temperature, 247. 

Cymarose, structure and synthesis of, 176. 

Cystathionine, fission of, by rat liver, 
268. 

Cytochrome -c, magnetic properties and 
spectra of, 293. 

pp'-DDD, spectrum of, absorption, infra- 
red, 327. 

DDT, analysis of, bv infra-red absorption, 
327. 

Daltonid© compounds, 104. 

Darnbonite, 169. 

Damson gum, constituents of, 198. 

Deaminoleucopterin, 252. 

Dehydroittfoandrosterone oxides, 214. 

2-Deoxy-d-allose, synthesis of, 178. 

Deoxycholic acid, structure of, 221, 223. 
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IT'WoDeoxycorticostorone, synthesis and 
degradation of, 226. 

2- Deoxy-Z-fucose, synthesis of, 178. 

3- Deoxy-d-glucose, 178. 

6-Deoxyleucopterin, synthesis of, 262. 

8-Deoxyleucoptorin, 253. 

17-Deoxylumioestrone, 224. 

3-Deoxy-d-mannose, 178. 

2-Deoxy-Z-rhamnose, 178. 

2-Deoxysorbitol from d-gliicoso, 178. 

Desylaniline, conversion of, into 2 : 3- 

diphenylindole, 243. 

Dothiobiotin, synthesis of, 241. 

DethiogUotoxin, 246. 

Deuterium, substitution by, effect of, on 
hydrogen -bonded structures, 11. 

Dou terodimothy let 1 lano I, transmeth - 

ation of, 276. 

Deuteromethionine, metabolism of, fed to 
rats, 276. 

Deutoromethylaminoethanol, metabolism 
of, 276. 

Dextrin, effect of, on crystallisation of 
load salts, 76. 

Dextrins, formation of, from amylopectin, 
195. 

Dialkyl ritsulphidos, fission of, by Sco- 
pulariopsis hrevicaidis, 266, 267. 

Diamagnetic susceptibility, hydrogen 
bonding and, 28. 

1 : 2-5 : 6-Dianhydromannitol, derivatives 
of, 185. 

2:3-1: 6-Dianhydro-)S-d*talose, 186. 

Diastereoisomerides, separation of, by 
distillation, 156. 

hicyclo[2 : 2 : 2]-l : 4*Diazaoctane, 238. 

Diazoamino-compounds, hydrogen bonds 
and metallic derivatives of, 149. 

Dicyanodiamide, hydrogen bond in, 152. 

Dielectric constant of liquids, equations 
for, 25. 

large, due to hydrogen bonding, 24. 

polarisation, hydrogen bonding and, 24. 

4 14; I «, Dienes, hydrogenation of, 229. 

Diet, inadequate, blood disease in monkeys 
due to, 301. 

Diethyl selenide in selenium mould 
cultures, 264. 

telluride in tellurium mould cultures, 
264. 

Diethylarsine from arsenical cultures of 
moulds, 263. 

Diethylbenzene, detn. of, in ethylbenzene, 
322. 

cAs- mid tram : 4-Diethylpiperidines, 234. 

Diffusion, rotational, 45. 

transitional, 38. 

Diffusion coefficients, measurement of, 39. 

rotational, 46. 

Digestive tract, pterins in argentaffin cells 
of, 305. 

Diginose, 177. 

Digitalis^ heart poisons from, structure of, 
226. 

Oigitalose, structure and synthesis of, 173. 
Digitoxal, 176. 


Digitoxonic acid, 175. 

Digitoxose, structure and synthesis of, 175. 
Digoxigenin, structure of, 217. 
Dihydrocholesterol, 206. 
cis- and <ran.9-Dihydrotestosterone 17- 
acetates, hydrolysis of, 230. 
Dihydroxanthopterin, 254. 
Diketopiperazine, hydrogen bond in, 152. 
DiUea edulis, galactan sulphate from, 
196. 

1 : 3-Diraethylallyl hydrogen phthalate, 
optically-active, 165. 

Dimethylallylarsino in arsenical mould 
cultures, 264. 

p-Dimethylaminoazobonzone, demethyl- 
ation of. in rats, 268. 

I Dimethylaniline, p-raethylaminophenyl 
glycuronate from, in rabbits, 268. 
Dimethylbicyc^oazahoptano, 239. 
Dimethyl-2-carboxyethylsulphonium salts, 
279. 

1 : 3-2 : 4-Dimethyleno adonitol, structure 

of, 183. 

2 : 4-3 : 5-Dimothylene Z-iditol, 183. 

1 : 3-2 : 5-Dimethylone i-rhamnitol, 183. 

2 : 4-3 : 5-Dimethyleno xylitol, stru(;turo 

of, 183. 

Dime thy lethylarsine in arsenical mould 
cultures, 264. 

2 : 5-Dimethyl A^-gluco8accharo-3 : 6- 
lactone, 187. 

Dimethyl glucose, separation of, from 
2:3: 6 -trimethyl d-glucose, 180. 
Dimothylglyoxime, complex compounds 
of, with rhodium salts, 1 28. 

2 : 3-Dimethylindolo, preparation of, 244. 
Dimethylci/c/opentanes, spectra of, 326. 

1 : 3-Dimethyl-4-piperidone, preparation 

of, 234. 

Dirnethyl-n-propylarsino in arsenical 
mould cultures, 264. 

Dimethyl selenide in seleniiun mould 
cultures, 264. 

iSTiV -Dirnethylsulphanilamides, demethyl- 
ation of, in the body, 268. 

Dimethyl telluride in tellurium mould 
cultures, 264. 

Dimethyluric acids, metabolism of, in the 
body, 269. 

Dicyc/opentadiene, detn. of, 310. 

Diphenyl, molecular structure of, 161. 
Diphenyl, o-hydroxy-, detn. of, 311, 312. 
pp'-dihydroxy-, crystals, overgrowths of, 
on calcite or sodium nitrate, 77. 

4 : 4'-dmitro-, compounds of, with di- 
phenyl derivatives, 100. 
Diphenylamine, detn. of, 313. 
Diphenyknchloroethane, op'-dtchloro- , 

crystal structure of, 103. 

2 : 2-Diphenylethane, 1 : l-dichloro-2 : 2- 

dv4-chloro-. See pp'-DDD. 

1:1: l-^nchloro-2 : 2-df-4-chloro-. 

DDT. 

1 : 1 -Diphenyl hexitols, 189. 

2 : 3-Diphenylindole, from desylaniline, 

243, 
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Di^^opropylidene aMe%do-d-arabino8e, 
183. 

1 : 2-3 : 4-Dit^opropylidene d-mannitol, 

183. 

2 : 3-4 : S-Diwopropylidene xylitol, 

structure of, 183. 

Disaccharidos, 189. 

Distillation of diastereoisomoridos, 1 56. 
Dolantin, synthesis of, 233. 

Dolomite, magnesium from, 130. 

Dow process for magnesium, 129. 

Dusts, detn. in, of fluorine, 333. 

Dyes, effect of, on crystal habit, 74. 

Egg-albumin. See under Albumin. 
Ehrlich’s reagent, 314. 

Electric field, alternating, orientation in, 
47. 

Electrons, diffraction of, and hydrogen 
bond, 142. 

detection of hydrogen bonds by, 142. 
Electron microscope, molecular dimensions 
determined with, 5 1 . 

Electrophoresis, molecular shape from, 45. 
Elements, co-ordination number 8, stereo- 
chemistry of, IGO. 

Equations, Olausius-Clapeyron, for 
vapour pressure, 9. 
for dielectric constant of liquids, 25. 
for osmotic pressure, 31. 

Equilenin, stereochemistry of, 224. 
?>oEquilenin, stereochemistry of, 224. 
Equilibria, phase, in binary systems, 109. 
Ergostane, 3(a)-chloro-, 209. 

Ergostanyl chloride, structure of, 209. 
Erysolin in nature, 266. 

Ethane, ionisation of, 321. 

Ethane- 1-seleninic acid, methylation of, 
272. 

E thane -1-selenonic acid, potassium salt, 
methylation of, 272. 

Ethyl alcohol, association of, in cydo- 
hexane, 26. 

detection of, in acetaldehyde, 327. 
interaction energy in, 9. 
ionisation of, 321. 
molecular distribution in, 13. 
2-Ethyl-7-azaindole, 244. 

Ethylbenzene, detn. in, of diethylbenzene, 
322. 

spectrum of, 311. 

o-Ethylbenzyl bromide, o-2-bromo-, use 
of, in syntheses, 159. 

Ethylene, complex compounds of, with 
platinum salts, 120. 
ionisation of, 321. 

Ethylene, fefrachloro-, detection in, of 
impurities, 327. 

Ethylene chlorohydrin, hydrogen-bond 
strength of, 7. 

Ethyleneimino, hydrogen bond in, 144, 
152. 

Ethylglycine, de -ethylation of, in rabbits, 
276. 

Bthylidene chloride, detection in, of 
impurities, 327. 


6-EthylindoIizidme, synthesis of, 239. 

1 - Ethyl -4-piperidone, preparation of, 234. 

Ferricyanidos, electronic structure of, 289. 

Ferrocyanides, electronic structure of, 289. 

Forrosilaron, reduction of magnesia with, 
132. 

Ferrous cytochrome-c, magnetic* moment 
and spectriun of, 293. 

Ferrous selenide, structure of, 105. 

Fibres, structure of, 1 01. 

Fish, eyes and skin of, pterins in, 251. 

Flax, New Zealand, polyuronide from, 200. 

Fluorescyanine from fish skins, 254. 

Fluorine, at. wt. of, from X-ray data, 89. 
detn. of, in air, dusts, and foods, 333. 

Folic acid, 258, 297. 
nature of, 261. 

Foods, detn. in, of fluorine, 333. 

Formaldehyde, condensation of, with p- 
toluidine, 157. 

in methylation reactions, 270. 

Formic acid, entropy and hydrogen bond 
force constant for, 15. ‘ 

2 -Formy 1 - 2 - moth y 1 cyclohexanone , optic a 1 
rotation of, 155. 

4-Formyl-2-phenylosHtria7ole, 188. 

f^otuier summation machine, 90. 

Fourier synthesis, crystal structure deter- 
mination by, 90. 

Frictional constant, molecular dimensions 
from, 37. 

Furnacjos, for obt aining single crystals, 87. 

2- Furylmethvlcarbinol, esters, hydrolysis 

of, 166. ‘ 

e-Oalactan, fractionation of, 197. 

Galacturonic acid, synthesis of, 187. 

Garnet, crystals, face development and 
space group in, 70. 

Gas, natural, analysis of, by mass spectra, 
320. 

water, catalytic synthesis of, 119. 

Gas analysis, by means of mass spectra, 
320. 

Gelatin, mol. wt. of, by streaming bire- 
fringence, 61. 

Gentisic acid, 4-bromo-, decamethylene 
ether, stereoisomerism of, 164. 

Oigartina stellata^ galactan sulphate from, 
196. 

Gitoxigcnin, degradation of, 229. 
t^olac tones from, 225. 

Qliocladium fimbricatu7)i, gliotoxin from, 
244. 

Gliotoxin, formation and structure of, 244. 

a-d-Glucopyranosido-a-Z-sorbofuranoside, 

189. 

d-Glucose, electrolytic reduction of, 178. 

1 -phosphate, polysaccharide from, 195. 

Glucurone, structure of, 187. 

Glucmronic acid, synthesis of, 187. 

Glutamic acid, detn. of, in a-lactoglobulin, 
320. 

d-Glutamio acid, detection of, in presence 
of i-glutamic acid, 320. 
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Glycine, detn. of, in a-lactoglobulin, 320. 

Glycocyamine, creatine synthesis from, 
277. 

Glycogen, end-group determination in, 
190. 

Glycogens, 193. 

a-Glycols, fission of, by lead tetra- acetate, 
180. 

a-Glycol groups, oxidation of, 180. 

Glycosides, cardiac, sugars in, 173. 

Goethite, crystals, face development and 
space-group in, 70. 

Gold mirrors for infra-red spectroscopy, 
324. 

“ Gosio-gas,” 263. 

Gramine methiodide, tryptophan synthesis 
from, 243. 

Granulocytopenia, 300. 

Graphite, crystal structure of, 93. 

Growth conglomerates, theory of, 81. 

Growth factors, L. caseiy ha3mopoietic 
activity of, 303. 
structure of, 259. 
treatment of anaemia with, 302. 
norite eluate, 258. 
purification of, 257. 

Guaiacol, detn. of, 312. 

Z-Gulomethylitol from d-glucose, 178. 

Gum tragacanth, constituents of, 198. 

Guvacine hydrochloride, 236. 

Gymnema sylveatray ^-quercitol in leaves of, 
170. 

Haem, magnetic properties of, 292. 
structure of, 289, 

Haematin, derivatives, covalent and ionic 
bonding in, 295, 
electronic structure of, 289. 
magnetic and optical properties of, 
296. 

magnetic properties of, 287, 290. 
magnetic properties of, 292. 

Haematopoiesis, pterins in, 305. 

Haemin, derivatives, nomenclature and 
structure of, 289. 
magnetic properties of, 292. 

Haomochromogens, magnetic properties of, 
292. 

Haemocyanin, detn. in, of copper, 51. 

Helix y molecular shape of, 56. 

Haemoglobin, and its ferrous derivatives, 
majpetic properties of, 290. 
detn. in, of sulphur, 51. 
mol. wt. of, 51. 

Heparin, structure of, 196. 

cyc/oHeptano-2 : 3 -pyrrolidine, 236. 

Heterocyclic compounds, 232. 

Mills-Nixon effect in, 238. 

4 ; 6-Hexahydrobenzylidene 3-deoxy-a- 
methyl-d-glucoside, 179. 

Hexamethylbenzene, compoimds of, with 
picryl halides, crystal structure of, 
100 . 

Hexane, detection of, in carbon tetra- 
chloride, 327. 

oyctoHexane, detection of, in toluene, 327. 


Hexofuranosides, oxidation of, with 
periodic acid, 181. 

Hexose diphosphoric acid, oxidation of, 
182. 

Homocystine, replacement of methionine 
by, in diet, 274. 

Homomeroquinene, synthesis of, 236. 

(*f*)Hydratropamide, Hofmann reaction 
with, 167. 

Hydrazine, ionisation of, 321. 

Hydraziniura difluoride, hydrogen bond 
in, 11. 

structure of, 160. 

Hydrazoic acid, hydrogen bond in, 142. 
structure of, 142. 

Hydrides, composition and structure of, 

111 . 

Hydrocarbons, aromatic, nitrated, colour 
reactions of, with ketones, 308. 
benzenoid, spectra of, Raman, 311. 
detn. of, in soil gases, 329. 
low-boiling, blending of, 323. 
mixed, analysis of, 322. 

molecular extinction coefficient and 
optical density of, 311. 
purity of, from infra-red spectra, 
328. 

separation of, by adsorption, 308. 

Hydrocyanic acid, dielectric constant of, 
24. 

Hydrofluoric acid, and its salts, hydrogen 
bonds in, 149. 

bonding energy and interaction in, 9. 
dielectric constant of, 24. 
gaseous, absorption of, 22. 
hydrogen bond in, 142. 
solid, hydrogen bond in, 11. 

Hydrogen bonds, 5, 141. 
angular deformation of, 23. 
detection of, 141. 
electrostatic effects and, 28. 
energy values and frequency changes of, 
19. 

force constant for, 23. 
frequency changes of, and of deuterium 
bonds, 19. 

Hydrogen bridge, 29, 156. 

Hydrogen-carbon bonds, 163. 

Hydrogen cyanide. See under Hydro- 
cyanic acid. 

Hydrogen fluoride. See under Hydro- 
fluoric acid. 

Hydrogen-fluorine bond, 149. 

Hydrogen-fluorine-nitrogen bond, 160. 

Hydrogen-nitrogen bond, 162. 

Hydrogen-nitrogen-oxygen bond, 151. 

Hydrogen-nitrogen-sulpnur bond, 162. 

Hydrogen peroxide, hydrogen bond in, 
142. 

structure of, 142. 

Hydrogen-oxygen bond, 150. 

Hydrogen-oxygen-sulphur bond, 153. 

Hydrogen sulphide, formation of, silver- 
sulphide-catalysed, 119. 

Hydroxy-compounds, organic, molecular 
association in, 151. 
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Hydroxylamine, complex compounds of, 
with palladiiim and platinum salts, 
126. 

Hydroxyl bond, 29, 150, 155. 

tt- and ^-Hyodeoxycholic acids, constitu- 
tion of, 212, 

Hyperol, hydrogen bond in, 142. 

Ice, crystal structure of, 92, 94. 
entropy of, 13. 

structure of, and ecpiilibrium with 
water, 151. 

Ichthyopterin, antianaomic activity of, 
260. 

from fish skins, 254. 

d- and Z-i«oIdides, 185. 

Z-Tdomothylose, synthesis of, 178. 

Illicimn religioaum and veruniy shikimic 
acid in, 171. 

Indene, detn. of, 310. 

Indole, detn. of, colorimetrically, 314. 

Indoles, 3-nitroso-, 1 ; 2-disubstitutod, 
cyanine dyes from, 244. 
ozonisation of, 244, 

substituted, dipole moment and 
structure of, 244. 
synthesis of, 242, 

Indole-3-aldehyde, preparation and re- 
actions of, 244. 

Indole trimethincyanines, 244. 

Infra-red. Sec under Spectra and Spectro- 
scopy. 

Inorganic compound8,non-stoichoioraetric, 
104. 

Inositols, 167. 

cZ- and Z-Inositols, 169. 

we^olnositol, 167. 
synthesis of, 172. 

Inosose, 168. 

Intermetallic compounds, substitutional 
solid solution in, 105. 

Intermolecular forces, 7. 

Iodic acid, hydrogen bond in, 11. 

Ions, positive, parabola method for, 315. 

Iridium salts, complex compounds of, 
126. 

Iron, crystals, structure of, 79. 
ferrous, detn. of, 329. 
ions, electronic structure of, 288. 

Iron oxides, composition and structure of, 
116. 

Isomorphism and overgrowths of crystals, 
77. 

Isoprene, crystal structure of, 102. 

Isotope abundance ratios, 316, 317. 

Isotope dilution method in analysis, 319. 

Jalopin, d-fucose in, 178. 

Keto-acids, JV-methylated, secondary 
alcohols from, 268. 

a-Keto-aoids from cysteine and methionine I 
derivatives, 278. I 

3-Ketosstio-5-aZZooholanio acid, methyl 
ester, Wolff-Kishner reduction of, 
226. 
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2-Keto-cZ-gluconic acid from carrageenin, 
196. 

l-Keto-3-methylfbif)butyric acid, form- 
ation of, fromdZ-A^-mctbylmothionine, 
278. 

Kidneys, hiernorrhagic, prevention of, by 
betaine, 277. 

Kojic acid from totra-aeetyl glucosone 
hydrate, 187. 

Lactobacillus casein growth factors for, 
258, 297. 

treatment of anaemia with, 302. 
treatment of sprue with, 304. 
liver growth fa(?tor for, synthesis of, 250. 

a-Lactoglobulin, detn. in, of amino-acids, 
320. 

Larch, arabogalactan of, 197. 

Law of constant proportions, applied to 
solids, 104. 

Lead, isotope abundance ratio of, 318. 

Load alloys with sodium, phase equilibrium 
in, 105. 

Lead ZcZmacetate, fission of a-glycols by, 
180. 

reaction of, with sugar derivatives, 
181. 

bromide, crystals, hc^mihedrism of, 71. 
chloride, crystals, hemihedrisrn of, 71. 
cZZoxide, thermal decomposition of, 92. 
oxides, composition and structure of, 
117. 

salts, crystallisation of, effect of colloids 
and dyes on, 76. 

Lepidines, preparation of, 248. 

Lepidocrocite, crystals, face development 
and space-group in, 70. 

Leucine, detn. of, in a-lactoglobulin, 320. 

n- and Leucines, detn. of, in mixtures, 
329. 

Leucopterin, chloro -derivatives, 255. 
structure of, 251. 
synthesis of, 305. 

Lichenin, 199. 

ivoLichonin, 199. 

Light, scattering of, mol. wt. from, 33, 49. 

Light filters for infra-red rays, 324. 

Light sources for infra-red spectroscopy, 
324. 

Linkings. See Bonds. 

Lithium fluoride, crystals, effect of dyes 
on habit of, 75. 
growth of, 86. 

Lithocholic acid, rotation of, 216. 

Liver, fatty infiltration of, prevention of, 
274. 

growth factor from, 297. 

for Lmtobacillus casei, 259. 
mammalian, pterins in, 251. 
norite eluate factor from, 268. 
xanthopterin in, 305. 

Liver extracts, antiansemic factor from, 
268. 

spectra of, fluorescence, 305. 

Ldllingite, composition and structure of, 
113. 
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Lumiandrosterone, 224. 

LuraioBstrone, 224. 

Lysine, detn. of, in a-lactoglobulin, 320. 

Macromolooules, dimensions and mol. wt. 
of, in solution, 30. 

Magnesium, analysis of, 332. 

from dolomite and silicates, 130. 
from sea water, 120. 

Magnesium aluminato, formation of, 110. 
oxide, detn. in, of calcium oxide, 332. 
reduction of, by carbon, 131. 

“ Magnesol,” 170. 

Magnetic moment, electronic structure 
and, 268. 

susceptibility, 287. 

apj)aratus for measurement of, 294. 

Magneton, Bohr, 287. 

Maize starch, hydrolysis of, 195. 

Malonarnide, spherulite crystals, growth 
of, 82. 

Maltose, reaction of, with paraldehyde, 
189. 

iso Maltose from maize starch, 195. 

Manganese hydroxide and salts, oxidation 
of, 93. 

oxides, composition and structure of, 
115. 

isoMannido, 184. 

neoMannide, 184. 

Mannitol, dehydration of, 184. 

Mannitol, 1 : G-dtamino-, derivatives of, 
185. 

d- Mannitol, structure of, 181. 

Mannosaccharodilactono, structure of, 187. 

Maimuronic acid, synthesis of, 187. 

Medicinals, bismuth, tellurium in, 265. 

Melamine, hydrogen bond in, 142, 152. 

Melezitose, oxidation of, with periodate, 
182. 

Melting point, “wet,” as guide to hydrogen- 
bond structure, 145. 

Membranes, permeable, cellulose, 33, 

Mercuric bromide, crystals, hemihedrism 
of, 71. 

Mesitylene, detn. of, 309. 

Mesquite gum, constituents of, 198. 

Metals, crystalline, crystallisation of, 
79. 

production of, 87. 

electropositive, production of, by 
thermal reduction, 131. 

Metal wires, single -crystal, 87. 

Metallic hy^oxides, structure of, 150. 
oxides, semiconducting properties of, 
110 . 

sulphides, adsorption by, 120. 

Metallurgical analysis, spoctrography in, 
330. 

processes, inorganic chemistry of, 129. 

Methtemoglobin, and its derivatives, 
magnetic properties of, 291. 
detn. of, in blood, 329. 

Methane, ionisation of, 321. 

Methane- 1-seleninio acid, methylation of, 
272. 


Methane- 1 -selenonic acid, potassium salt, 
methylation of, 272. 

Methanesulphonyl chloride, reaction of, 
with sugar derivatives, 187. 

Methanetliiol from inorganic sulphates, 
267. 

Methionine, as methyl donor in creatine 
synthesis, 277. 

behaviour of, in Scopidariopsis 
brevicaulis cultures, 267. 
derivatives in diet, 278. 
lission of, by Scopulariopsis hreoicmiiiK, 
279. 

in nature, 266. 

transmethylation from, 274. 

with abnormal isotope abundance, 318. 

p-Mothoxybenzhydrol, and its esters, 
hydrolysis of, 165. 

6-Mcthoxyquinoline, 8-nitro-, reaction of, 
with sulphury 1 chloride, 249. 

Methyl alcohol, dielectric constant of, 
24. 

interaction energy in, 9. 
ionisation of, 321. 
molecular distribution in, 13. 

Methylamine, spectrum of, Raman, 24. 

7V-Methyl compounds, oxidative deraethyJ - 
ation, 268. 

Methyl derivatives, formation of, by 
living cells, 271. 

Methyl groups, labile, synthesis of, in the 
body, 278. 
transfer of, 271. 

Mothylammonimii chloride, crystal stria * 
ture of, 95. 

Methylanilinos, detn. in, of aniline, 313. 

Methylation, biological, 262. 
mechanism of, 269. 

2'Mothyl-7-azaindole, 244. 

Mothylcellulose, mol. wt, of, by streaming 
birefringence, 61. 

4-Methylcinnolines, preparation of, 249. 

Methyldiethylarsine in arsenical mould 
cultures, 264. 

2 : 4 -Methylene adonitol, structure of, 
183. 

Methylene -blue, spectra of, absori)tioii, 
174. 

2 : 5-Methylene Lrhamnitol, 183. 

2 : 4 -Methylene xylitol, structure of, 1 83. 

Mothylethylacetic acid, d-2-mothylbutyl 
ester, distillation of, 156. 

d- and LMethylethylaoetic acids, 156. 

Methylethyl-n-propylarsine in arseni(;al 
mould cultures, 264. 

iST-Methyl-Z-glucosamine from hydrolysis 
of streptomycin, 186. 

a-Methyl-d-glucoside, oxidation of, 191. 

3-Methylindol©, preparation of, 244. 

Methylnaphthozarin, synthesis of, 147. 

iV^^-Methylnicotine, demethylation of, in 
rats, 269. 

l-Methyl-4-piperidone, 3-cyano-, prepar- 
ation of, 234. 

N -Methy Isidpha^nilamides, demethylation 
of, m tlie body, 268. 
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5-Mothyltryptophan, 243. 

Mothyluric acids, metabolism of, in the 
body, 269. 

Mica, cleavage surfaces of, 84. 
Microchemical analysis, 330. 

Micron, 324. 

Microscope, electron, molecular dimensions 
determined with, 51. 

Molecular association and hydrogen bond- 
ing, 145. 

ecpiilibria of, from absorption in- 
tensity, 17. 

spectroscopic changes due to, 15. 
orientation in alternating electric fields, 
47. 

in a velocity gradient, 46. 
shape from frictional constant, 37. 
weight and hydrogen- bond structure, 
145. 

from light scattering, 33, 49. 
from osmotic pressure 31. 
from X-ray diffraction, 50. 
from sedimentation equilibria, 34, 44. 
from viscosity, 48. 
of corpuscular proteins, 53. 
of macromolecules in solution, 30. 
Molecades, asymmetric, 56. 
corpuscular, 52. 
macro-. iSee Macromolecules. 
saturated, interaction between, 7. 
Molybdenum chlorohydroxido oc/ahydrate, 
crystal structure of, 95. 
oxides, composition and structure of, 
115. 

Moss, Iceland, carragoonin from, 196. 
Moulds, action of, on pigments, arsine 
from, 262. 

methylation by, 262, 279. 

Mueor mucedo, production of ansenic 
compounds by, 263. 

Muscle, adductor, of molluscs, fibrils of, 
281. 

adenosinotriphosphatase activity of, 
280. 

me.sfoinositol from, 167. 
proteins, 280. 

Muscovite, crystals, face development 
and space-group in, 70. 

Myoalbumin, 280. 

Myofibril, proteins of, 280. 
structure of, 281. 

Myoglobin, magnetic properties of, 292. 
Myosin, properties and structure of, 282. 
reaction of, with actin, 285. 
sols, electrophoresis of, 282. 

Myosin A, 282, 284. 

Mytilitols, 172. 


Naphthalene, detn. of, 309. 

picrate, heat of formation of, in nitro- 
benzene, 7. 

spectrum of, absorption, ultra-violet, 

310. 


Nophthola, detn. of, 312, 313. 
l-Naphthylmethyloarbinol, esters, hydro- 
lysis of, 166, 


j3-Naphthylseleninir acid, and its deriv- 
atives, 270. 

Neptunium compounds, crystal structure 
of, 88, 92. 

Nerimn oleander^ oloandrin from, 177. 

Neurospora crasm, choline synthesis by, 
277. 

Nickel, crystals, structure of, 79. 
detn. of, 329. 

isotope abundance ratio of, 318. 

Nickel compounds, analysis of, 332. 
oxides, composition of, 116. 
sulphides, phase equilibria in, 109. 

Nicotinic acid, methylation of, in the body, 
273. 

Niobium oxides, composition and structure 
of, 114. 

poZyNitro-corapounds, aromatic, crystal 
structure of, 99. 

Nitrogen, isotope abundance ratio of, 319. 

Nitrogen compounds, methylation of, in 
the body, 273. 

Nitro-starch, preparation of, 195. 

Nitrous oxide, riecomposition of, nickel- 
oxido-catalysed, 119. 

Non-stoicheiometry, 104, 

Nucleic acid, sedimentation constant of, 
58. 

Nutrition, 296. 

Octa-acotyl cellobiose, separation of, on 
silica gel, 179. 

Octa-acetyl gentiobiose, separation of, 
on silica gel, 179. 

Octanes, isomeric analysis of, 323. 

OEstra-l : 3 : 5-triene, cu-3 : 16 : 17-1/7- 
hydroxy-, 231. 

CEstriol, structure of, 230. 

GbJstriols, epiraeric, 230. 

f.9oCEstriol A, 231. 

Oleandrin from Nerium oleander ^ 177, 

Oleandrose, structure of, 177. 

Olefins, complex compounds of, with 
platinum salts, 1 20. 

Oleic acid, hexanolamino ester. X-ray 
diffraction by, 102. 

sodium salt. X-ray diffraction by, 102. 

Oloyl triglycerides, structure of, 102. 

Oligosaccharides, constitution of, 188. 

Olivine, magnesium from, 131. 

Optical density, determination of, 328. 
instruments, military, infra-red, crystals 
for, 87. 

Osmometers, 32. 

Osmotic balance, 33. 

pressure, measurement of, 32. 
mol. wt. from, 31. 

Oxalic acid, dihydrate, hydrogen bond in, 

11 . 

structure of, isotope effect on, 12. 
silver salt, crystals, thermal decom- 
position of, 89. 
spectrum of, Baman, 24. 
structure of, 161. 

uranium salts, complex, stereochemistry 

of, 160. 
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Oxalylgiianidine, 257. 

Oxides, composition and structure of, 114. 
double, perovskito type, crystal struc- 
ture of, 92. 

5 : 6(a)-Oxidocholeatano-3(/3)-ol, 212. 

5 : 6(j8)-Oxidocopro8tane-3(j3)-ol, 213. 
Oximes, mol. wt. and structure of, 152. 
Oxy-acids, structure of, 150. 

Oxygen, isotope abundance ratio of, 
317. 

Oxy haemoglobin, detn. of, in blood, 329. 

Palladium, equilibrium of, with hydrogen, 

111 . 

Palladium salts, complex compounds of, 
with hydroxylarnine and with thio- 
sulphates, 125, 126. 

Pantothenic acid, deficiency of, 300, 301. 
Paramagnetism, law of, 287. 

Paramyosin, 281. 

Pea starch, amylose in, 194. 

Pectins, 199. 

Penicillin, electron densities for, through- 
out unit cell, 90. 

Penicilliurn^ gliotoxin from, 244. 
methylation by, 265. 

Penicilliuyn brevicaule, production of 
arsenic compounds by, 262. 
cycZoPentadiene, and its dimer, detn. of, 
309, 310. 

ncoPentane, detection and detn. of, in 
crude oil, 326. 

r^c^oPentano-2 ; S-pyrrolidine, 236. 
Pontlandite, composition and structure of, 

111 . 

neoPentyl bromide, structure of, 1 62. 
Perovskite, crystal structure of, 92. 
Peroxidase, horse-radish, magnetic pro- 
perties of, 294. 

Pethidine, synthesis of, 233. 

Petroleum hydrocarbons, fractionation 
of, 308. 

Petroleum oils, analysis of, by infra-red 
absorption, 311. 

2-Ph6nacylthiowochromanium salts, 2-p- 
chloro-, resolution of, 160. 
Phenanthrene, spectrum of, absoq^tion, 
ultra-violet, 310. 

Phenazhydrins, synthesis of, 147. 

Phenol, association of, and X-H stretching 
vibration, 15. 

in carbon tetrachloride, 26. 
detection of, in presence of cresols and 
p-xylenol, 312. 
detn. of, 312. 

by ultra-violet absorption, 311. 
shifting of X-H frequency in, 18. 
vapour deformation frequencies in, 23. 
Phenol, o-chloro-, gaseous, dipole moment 
of, 27. 

hydrogen bonds in, 7, 154. 
intramolecular interaction of, 16. 
o-fluoro-, infra-red absorption and 
structure of, 150. 

Phenols, chromatography of, 812. 
detn. of, 312, 313. 


Phenylacetic acid, o-nitro-, dissociation 
constant of, 154. 

Phenyl-p-(carl)oxyinothoxy)phenyl-?^- 
butylphosphine sulphide, 158. 

2-Phonyl-2-p-(;hlorophenacyl-l : 2 : 3 : 4- 
tetrahydroisoarsinolinium salts, reso- 
lution of, 158. 

Phenylmothylcarbinol, esters, hydrolysis 
of, 166. 

2-Phenylqiiinolino8, 4-hydroxy-, synthesis 
of, 247. , c 8 . . - 

Phosgenite, crv*"- * ' ?f. 96. 

Phosphates, act ^ .n, 12. 

Phosphine oxides c.id sulphides, 156. 

Phosphites, organic, detection of, in 
phoHphonatos, 327. 

Phosphor screens, infra-red sensitive, 324. 

Phthalic acid, structure of isotope effect 
on, 12. 

Phthalocyanino, hydrogen bond in, 142, 
152. 

Phytin, 167. 

action of phosphatase on, 168. 

Pigments, arsenic, in wall-paper, poisoning 
from, 262. 

a-Pinene, detection of, in terpenes, 327. 

Pinitol, 170. 

Piperidines, 232. 

3 : 4-disubstituted, synthesis of, 232. 

JV-nitrosation of, 235. 

a-Piperidone, mol. wt. and structure of, 
152. 

Piperidones, 232. 

2-PipGridones, 4 : S-substitutod, stereo- 
isomeric, 234. 

4-Piperidones, X-substitutod, synthesis of, 
233. 

4-Piperidylmethyl-jS-propionic acid, 1- 
nitroso-, 235. 

Platinum compounds, complex, stereo- 
chemistry of, 160. 

metals, complex compounds of, 120. 

salts, complex compounds of, witli 
aminopyridines, 123. 
with olefins, 120. 
with thiosulphates, 123. 

Plutonium compounds, crystal structure 
of, 88, 92. 

Poisoning from arsenic in wall-paper, 262. 

Polarograph, 332. 

Polarography, 332. 

Polonium, crystal structure of, 93. 

Polyi«obutylene, osmosis of, in benzene 
and ci/c/ohexane, 57. 

Polygalitol, 183. 

Poly-<o -hydroxy decoic acid, polymeris- 
ation of, 52. 

Polymers, molecular dimensions and 
weights of, 30. 

Polymorphism, twinning and, 82. 

Polysaccharides, 189. 

oxidation of, 189. 

Pohjaiph^nia fastiyiatOf dimethyl sulphide 
from, 279. 

Polystyrene, molecular dimensions of, 50. 

sedimentation constant Of, 58. 



INDEX OF SUBJECTS. 


359 


Polystyrenes, mol. wt. of, from streaming 
birefringence, 61. 

Polyvinyl chloride, mol. wt. of, 67. 
Potassium, production of, by thermal 
reduction, 132. 

Potassium alum, crystals, growth velocity 
for, 71. 

aluminium and chromium alums, over- 
growths of, 77. 

bromide, crystals, effect of dyes on 
habit of, 75. 
growth of, 71, 86, 87. 
chlorate, crystals, effect of dyes on 
habit of, 74. 
twinning of, 82. 

chloride, crystals, dendrites, growth of, 
74. 

effect of dyes on habit of, 76. 
cryolite, 118. 

crystal structure of, 96. 
deuterium fluoride, infra-red spectra of, 
20 . 

dfliydrogen arsenate, entropy of, 14. 

hydrogen bond in, 142, 150. 
hydrogen fluoride, infra-red spectra of, 
20 . 

dihydrogen phosphate, crystals, growth 
of, 86. 

entropy of, 14. 
hydrogen bond in, 142, 150. 
iodide, crystals, effect of dyes on habit 
of, 76. 

growth of, 71, 87. 

perchlorate, crystals, effect of dyes on 
habit of, 74. 

sulphate, crystals, effect of dyes on 
habit of, 74. 

Potato starch, ij^oraaltose in, 195. 

Pregnane, structure of, 200. 

5- aiToPregnane, structure of, 200. 

6- aZZoPregnane, 3(j3) : 17 “ a ’’-dihydroxy-, 

230. 

Pregn-6-ene-3(P) : 21-diol-20-one oxides, 
214. 

Pregn-5-en-3(j3)-ol-20-one oxides, 214. 
Pregn-6-en-3(/3) : 20 : 21-triol oxides, 214. 
fl-Primeverose, synthesis of, 189. 

Prisms for infra-red spectroscopy, 324. 
Progesterone, structure of, 225. 
17-i«oProgesterone, synthesis of, 226. 
Propane- l-seleninic acid, methylation of, 
272. 

Propane- 1-selenonic acid, potassium salt, 
methylation of, 272. 

d-a-Propionoxypropionio acid, dl-sec.- 
butyl ester, distillation of, 166. 
Propylbenzene, spectrum of, 311. 

3 : 4-i«oPropylidene mannitol, 183. 

Proteins, axial ratio and mol. wt. of, 64. 
crystalline, mol. wt. and shape of, 50. 
degree of solvation of, 62. 
detn. in of amino-acids, 320. 
frictional ratios of, 42. 
hydrogen bonds in, 143. 
molec^ar shape of, 45. 
mol, wt. of, and light scattering, 49. 


Proteins, muscle, 280. 
structure of, 152. 
trace element analysis of, 51. 

Proton bond, 155. 

Pteridin, 2:6:8: 9-ZeZrahydroxy-, 252. 
Pteridine, 2-amino-6 : 8-dihydroxy-, 253. 
Pteridines, properties of, 300. 

Pterins, 250. 

biological effects and structure of, 304. 
properties of, 254. 

Pterins, 2-mercapto-, 257. 

Pteroic acid, 297. 

Ptoroyldiglutamylglutamic acid, 298. 
Pteroylglutamic acid, 259, 260, 298. 
synthesis of, 260. 

Pteroylhexaglutaraylglutamic acid, 298. 
Pustulin from U mhilicaria pustulata, 199. 
a- and jS-Pyracins, 300. 

Pyrazoles, hydrogen bond in, 144, 162. 
Pyridine, detn. of, 314. 

methylation of, in dogs, 273. 

Pyridine, amino-, complex compounds of, 
with platinum salts, 123. 

Pyridine parahsematin, 293. 

Pyrindan, synthesis of, 237. 

Pyrites, crystals, face development and 
space group in, 70. 

Pyrrhotite, structure of, 105. 

Q-enzyme from potato juice, 196. 

Quartz, crystals, faces of, 84. 

from fused silica, 87. 

Quebrachitol, 170. 

Quenselite, crystal structure of, 92. 
Quercin, 169. 

Quercinite, 169. 
d-Quercitol, 170. 

Z-Quercitol in leaves of Qymnema sylvestra^ 
170. 

Quinaldine, 4-chloro-, 4-hydroxy-, and 
their nitro-derivatives, 249. 

Quinic acid, 171. 

Quinol, crystals, overgrowths of, on calcite 
or sodium nitrate, 77. 
molecular compounds of, structure of, 
101 . 

Quinoline, methylation of, in dogs, 273. 
Quinoline, 3-amino-, 3-cyano-, and 3- 
nitro-, synthesis of, 249. 
diamino-, 249. 

2- and 4-chloro-, preparation of, 249. 
4-hydroxy-, preparation of, 247, 248. 
Quinolines, 246. 

Quinoline- 3-carboxy lie acids, J5z-nitro-4- 
hydroxy-, decarboxylation of, 249. 
Quinuclidine, crystal structure of, 103. 

Kacemio acid, resolution of, 156. 

Rays, infra-red, receivers for, 325. 

X-Rays, diffraction of, analysis by means 
of, 332. 

and hydrogen bonds, 141. 
by crystals, 88. 

detection of hydrogen bonds by, 141. 
mol. wt. from, 60. 

Reactions, heterogeneous, catalysis in, 1 1 9. 
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Receivers for infra-red rays, 326. 

Reducing agents, 132. 

Resorcinol, crystallisation of, from water, 
65. 

spherulite crystals, growth of, 82. 

Resorcinol, 2-nitro-, b. p. of, 144. 

a-Resorcjinol, structure of, 150. 

a- and jS-Resorcinols, structure of, isotope 
effect on, 12. 

d-Rhamnitol from d-glucose, 178. 

Rhizobiurn radicicolurn, polysaccharide of, 

200 . 

Rhodium salts, complex compounds of, 
with dimethylglyoxime, 128. 

Rochelle salt, crystals, growth of, 86. 
hydrogen bonds in, 12. 

Rubber, natural and synthetic, spectra of, 
absorption, infra-red, 326, 

Rubidium iodide,- crystals, growth of, 87. 

Saccharodilactone, structure of, 187. 

Salep-mannan, 199. 

Salicylaldehyde, shifting of X-H frequency 
in, 18. 

Salicylic acid, esters, shifting of X-H 
frequency in, 18. 

Samples, preparation of, for spectrography, 
331. 

Santonin, optically-active, 155. 

Sapogenina, steroid, structure of, 225. 

Sapphires, synthetic, 87. 

Sarcosine, demethylation of, in the body, 
269. 

Sarmentogenin, structure of, 217. 

Sarmento.se, 177. 

Scheelite, crystals, face development and 
space -group in, 70. 

Schizophyllum cormnunef methylation of 
sulphates by, 267. 

Scopulariopsis brevicaulis, cultures of, 
arsenical, 263, 264, 
on selenium and tellurium compounds, 
265. 

on sulphur compounds, 266, 267, 268. 

Scyllitol, 168. 

Sea water. See under Water. 

Seaweeds, polysaccharide sulphates in, 
196. 

Sedimentation constant, mol. wt. from, 44. 
equilibria, 34. 
velocity, 42. 

Sedoheptulose, d-allose in, 178. 

Selenides, composition and structure of, 

111 . 

Selenious acid, methylation of, 272. 

Selenite, cleavage surfaces of, 84. 

Selenium, analysis of, 332. 

Selenium compounds, methylation of, by 
moulds, 264, 271. 
in the body, 264, 266. 

Semi-conduction of otherwise non- 
conducting crystals, 110. 

Shikimic acid, 171. 

Silene E.F., 179. 

Silica, detn. of, in dusts causing silicosis, 
334, 


Silicates, mineral, magnesium from, 130. 
Silicosis, detn. of silica in dusts causing, 
334. 

Silumin, 135. 

Silver films, deposition of, on quartz, 84, 
Silver ^rihydrogen paraperiodate, entropy 
of, 14. 

j3- Silver iodide, crystals, overgrowths of, 
on silver bromide, 78. 

/^-Sitosterol, 210. 

Soap, micelle structure of, 102. 

Sodium alloys with lead, phase equilibrium 
in, 105. 

Sodium bronzes, 115. 

Sodium carbonate, solution, diffusion of, 
into barium chloride gels, 82. 
chloride crystals, effect of dyes on habit 
of, 75. 

growth of, 64, 68, 71, 73, 86. 
fluoride, crystals, effect of dyes and 
impurities on habit of, 75. 
hydrogen carbonate, hydrogen bond in, 
142, 150. 

iodide, crystals, growth of, 87. 
nitrate, crystals, growth of, 87. 

overgrowths of, on calcito and mica, 
77. 

nitrite, crystal structure of, 89. 
sulphate, crystallisation of, from super- 
saturated solutions, 86. 
decahydrate, entropy of, 14. 

Soils, gases in, detn. in, of hydrocarbons, 
329. 

Solids, reactions between, non-stoicheio- 
raotric phases in, 118. 

Solid solution applied to crystals with 
atomic lattice, 104. 

Solubility of hydrogen -bond structures, 
144. 

Solutions, supersaturat/ed, nucleus form- 
ation in, 86. 

Solvents in crystal growth, 65. 
i«oSorbide, 184. 

Sorbitol, dehydration of. 183. 
d-Sorbitol, structure of, 181. 
di-Sorbitol from d-glucose, 178. 

Spectra, absorption, infra-red, and hydro- 
gen bond, 143. 
of hydrocarbons, 311. 
of organic compounds, index of, 
326. 

valency vibration involved in 
hydrogen bond, X-H, 16. 
use of, in analysis, 323. 
ultra-violet, of hydrocarbons, 310. 
mass, 316. 

Raman, and hydrogen bonds, 23. 
Spectrograph, mass, 315, 316. 
Spectrometers, 325. 
mass, 316, 316. 
prism, calibration of, 324. 

Spherulite, crystals, growth of, 81. 

properties and structure of, 82. 

Spinach, growth factor from, 268, 297. 
Spinel, crystals, face . development and 
space group in, 70. 
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Sprue, anaemia of, treatment of, 302. 

treatment of, with L. casei factor, 304. 
Starch, corn, amylopectin activity from, 
195. 

end-group determination in, 190. 
hydrolysis of, by enzymes, 194. 
maize, hydrolysis of, 195. 
pea, amyloso in, 194. 
potato, Momaltose in, 195. 
separation of, from amylose, 193. 
Staudinger’s law, 48. 

Steam, molecular interactions in, 8. 
Stophanito, crystals, face development and 
space-group in, 70. 

Steroids, 200. 
cortical, 217. 

14-hydroxy-, synthesis of, 227. 

17(a) -substituted, synthesis of, 226. 
Steroid oxides, hydrogenation of, 214. 
Sterols, structure of, 224. 

Stigmastane, 3-chloro-, and 3-hydroxy-, 
209. 

a-and ^-Stigmastanyl chlorides, structure 
of, 209. 

Stigmasterol, 210. 

Stigmasterol oxides, 214. 

Streptococcus lactis i?, growth factors for, 
258, 297. 

Streptomycin, hydrolysis of, 186. 

inositol derivatives in, 167. 

Styracitol, 184. 

structure of, 181. 

Styrene, spectrum of, 311. 

Succinic acid, structure of, isotope effect 
on, 12. 

Sucrose, crystal structure of, 98. 

oxidation of, with periodic acid, 182. 
reaction of, with paraldehyde, 189. 
solutions, crystallisation of, 86. 
synthesis of, 189. 

Sugars, and their derivatives, reaction of, 
with lead tetra-acetate, 181. 
from cardiac glycosides, 173. 
osazones, triazole derivatives of, 188. 
oxidation of, with periodic acid, 182. 
purification of, and their derivatives, by 
chromatography, 179. ^ 

separation of, and their derivatives 
on Celite, Magnesol, and Silene E. F., 
179, 

Sulphaguanidino in diet, 300. 
Sulphasuxidine in diet, 300. 

Sulphides, composition and structure of, 

111 . 

Sulphonamides, mol. wt. and structure of, 
152. 

Sulphoxides, structure of, 156. 

Sulphur, crystals, face development and 
space group in, 70. 
detn. of, in haemoglobin, 51. 

Sulphur compounds, methylation of, by 
moulds, 273, 

Supersaturation, nucleus formation and, 
85. 

Supersolubility curve, 85. 

Surface energy, minimum, concept of, 66. 


Swarm- formation in association, 27. 

Systems, binary, phase equilibria in, 109. 

Tamarind seed pectin, constituents of, 

200 . 

Tar, coal-, analysis of phenols from, 311. 
distillates, constituents of, 307. 
spirits, analysis of, 311. 

d-Tartaric acid, ethyl ester, asymmetric 
synthesis of, 1 55. 

Tautornerism, hydrogon-bond structure 
and, 154. 

mesohydric, 154. 

Telluri<les, composition and structure of, 

111 . 

Tellurium in bismuth medicinals, 265. 

Tellurium compounds, methylation of, 
by moulds, 264, 271. 
in the body, 264, 265. 

Terylene, structure of, 101. 

cis- and /mn.s-Testostorono acetates, 230. 

Tetra-a(;etyl glucosone hydrate, con- 
version of, into kojic acid, 187. 

/? 2 -Tetrahydroquinolino, synthesis of, 237. 

Tetramethyl d-glucose, separation of, from 
2:3: 6-trimethyl d-glucose, 180. 

Tetramethyl methyl -d-glucosides, separ- 
ation of, 180. 

Thallium bromide, crystals, growth of, 
87. 

bromoiodido, crystals, for military 
optical instruments, 87. 

Thermopiles for infra-red spectroscopy, 
325. 

Thiazoles, preparation of, 238. 

Thioacridono, hydrogen bond in, 1.53. 

Thioamidos, mole<uilar association and 
structure of, 152. 

Thiocarboxylic acids, molecular association 
in, 153. 

Thiophen, constants of, 314. 

detn. of, colorimotrically, 314. 

Thiophonol, heats of mixing of, with 
solvents, 153. 

Thiosulphates, complex compounds of, 
with palladium salts, 125. 
with platinum salts, 123. 

Thiourea, alkyl sulphides exhaled after 
receiving, 266. 

overgrowths of, on cryst.alline salts and 
on mica, 78. 

Thymol, liquid, supercooled, crystallite 
growth in, 86. 

Titanium oxides, composition and struc- 
ture of, 114. 

Tobacco mosaic virus, protein, molecular 
dimensions of, 50. 
sedimentation constant of, 58. 

Toluene, analysis of, mixed with benzene 
and xylene, 310. 

detection in, of cyclohex&ne, 327. 

detn. of, in presence of benzene and 
xylenes, 309. 

spectrum of, absorption ultra-violet, 
310. 

Toluene, o-nitro-, volatility of, 164* 
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/>-Toluenesulphonic acid, zinc salt, crystal 
structure of, 102. 

2-p*Toluenesulphonyl methyl-d-galacto- 
side, conversion of, into d-idose 
derivatives, 185. 

o-Toluic acid, dissociation constant of, 
154. 

ethyl ester, hydrolysis of, 154. 
w-Toluidine, crystals, growth of, 84. 
p-Toluidine, condensation of, with form- 
aldehyde, 157. 
detn. of, 313, 

Tracer elements, non-radioactive, experi- 
ments with, 318. 

Transmethylation, 274. 

from betaine, 277. 
jSjS-Trehalose, synthesis of, 189. 
Trideuterocholine, metabolism of, fed to 
rats, 275, 

Trimethyl arsine from arsenical cultures of 
moulds, 263. 
dimorcurichloride, 263. 

2:4: 6 -Trimethyl d-galactose, 197. 

2:3: 6-Trimothyl d-glucose, separation 
of, from di- and tetra-methyl ri-glu- 
coses, 180, 

Trimethyl rnethyl-Z-arabofuranoside, separ- 
ation of, from 2:3: 4-trimethyl 
methyl-d-xyloside, 180. 

Trimethyluric acids, metabolism of, in 
the body, 269. 

Triisopropylidene d-mannitol, structure 
of. 183. 

Troeger’s base, constitution of, 157. ' 
Tropomyosin, 281, 286. 

Tryptophan, synthesis of, 243. 

Tungsten blues, 115. 

Tungsten bronzes, 115, 118. 

Tungsten oxides, composition and struc- 
ture of, 115. 

Turbidity, measurement of, 331. 

Ultracentrifuge, technique of, 30. 
Umbilicaria puMulata^ pustulin from, 199. 
Uranium oxides, composition of, 115. 

Urea, hydrogen bond in, 152, 
overgrowtlis of, on mica, 7 8. 

Urine, mammalian, pterins in, 251. 
me th yldiethy Isulph onium hydroxide 
from, 266. 
pigments from, 253. 
uropterin in, 253. 
xanthopterin in, 305. 

Uropterin from urine, 253. 

Urothion from urine, 253. 
Urothionaldehyde, 254. 

Ursodeoxycholic acid, rotation of, 216. 
structure of, 215. 

Valves, mercury and sintered glass, for 
mixing volatile liquids, 323. 

Vanadium oxides, composition and struc- 
ture of, 114. 

Vapour pressure, equation for, 9, 

Velocity gradients, orientation in, 46, 
jS-Vicianose, synthesis of, 189. 


SUBJECTS. 

2-(3-Vinyl-4-piperidyl)propionic acid, 236. 
Viscosity, mol. wt. from, 48. 

Vitamin-J?io for chick feathering, 300. 
Vitamin-i?ii for chick growth, 300. 
Vitamin-J5o> 257, 298. 
cure of anaemia by, 258. 
deficiency of, in chicks, 299, 

Vitamin-Bo conjugase, 298. 

Vitamin-Bo conjugate, 259, 298. 
Vitamin-M, cure of anaemia by, 258. 

deficiency of, 301. 

Volatility, hydrogen bond and, 143. 
Volemitol, d-allose in, 178. 

Wall-paper, arsenical pigments in poison- 
ing from, 262. 

Wasp wings, pterins in, 251. 

Water, dielectric constant of, 24. 
intermole(;uIar forces in, 1 0. 
sea, magnesium from, 129. 
spectrum of, Raman, 23. 

Wave-number, 324. 

Wood, fungi destroying, methylation by, 
267. 

Wiistite, structure of, 105. 

Xanthhydrol, indole reaction with, 314. 
Xanthopterin, 251, 253. 

antiansemic activity of, 260. 
oxidation of, 257. 
synthesis of, 305. 

ivoXanthopterin, spectrum of, absorption, 
254. 

synthesis of, 253. 

Xylan, oxidation of, with periodates, 190. 
Xykme, analysis of, mixed with benzene 
and toluene, 310. 

spectrum of, absorption, ultra-violet, 
310. 

Xylenes, detn. of, in presence of benzene 
and toluene, 309. 

0- Xylene, detn. of, 309. 
m-Xylono, detn. of, 309. 
p-Xylene, detn. of, 309. 

Xylenols, analysis of, 329. 

p-Xylenol, detection of, in presence of 
cresols and phenol, 312. 

XyUtol, dehydration of, 183. 

1- Xylose, formation of, from Z-arabinose, 

185. 

d-Xylylketose, condensation of, with 
d- glucose ijotassium 1 -phosphate, 189. 

Yeast, growth factors from, 258, 259, 
297. 

norite eluate factor from, 258. 

Yeast glucan, structure of, 199. 

Yeast mannan, structure of, 199. 

Zein, molecular shape of, 55. 

Zinc, analysis of, 332. 

and its alloys, analysis of, 330, 332, 
333. 

detn. in, of cadmium, 332. 
detn. of, by turbidity measurements, 
332. 
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Zinc chloride, basic, crystal structure of, 
93. 

oxide, composition of, 117. 
detn. of, in zinc sulphide, 332. 

Zircon sand, extraction of zirconium from, 
137. 


Zirconium, equilibrium of, with hydrogen, 

111 . 

extraction of, from zircon sand, 137. 
production of, 137. 

Zirconium tetrachloride, reduction of, 
with magnesium, 137. 





